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Abstract 
The reaction of nitric oxide with secondary amines to form diazeniumdiolate 
anions with the structure R2NN202' has been studied in order to investigate the 
stereochemistry and mechanism of this reaction. The stereochemical preference of the 
cis (Z) isomer for these compounds was probed using vibrational spectroscopy, namely 
infrared spectroscopy (IR) and Raman. Theoretical (B3L YP/aug-cc-p VDZ) rotation 
barriers for the simple diazeniurndiolate anion, Me2NN(O)=NO' are calculated in the gas 
phase to be 26.2 kcal/mol with the cis isomer predicted to be stabilized by only 0.5 
kcal/mol compared to the trans isomer, therefore stereochemical preference for the cis is 
due to kinetic rather than thermodynamic control. Using vibrational spectroscopy to 
characterize the anion, it was determined that if the trans (E) isomer is present it 
represents <0.002% ofthe total composition. 
The mechanism ofnitric oxide's reaction with secondary amines was elucidated 
using both synthetic and kinetic methods. Attempts at preparing diazeniurndiolates 
(NONOates) by reacting nitric oxide directly to various radical anions proved to be 
unsuccessful. The result of these reactions is the formation of many reaction products, 
many of which could not be conclusively identified. 
The rate ofthese NO - amine condensation reactions was found to be dependent 
upon the solvent in which the reaction was conducted, with modest rate enhancements 
obtained in heterocyclic organic bases. In addition to differences in rate, the overall yield 
of diazeniurndiolate recovered was found to be highly dependent on solvent choice as 
weIl as amine structure. 
11 
Kinetic measurements for the formation of these compounds indicate that the rate 
law is multi-term and the order of reaction with respect to nitric oxide depends greatly on 
the concentration of nitric oxide. At low nitric oxide concentrations the dependency on 
nitric oxide is first order, however as the NO concentration increases the order of the 
reaction becomes second order in [NO]. 
The decomposition profile of amine derived diazeniumdiolates in aqueous media 
is significantly different than in organic solutions. In alkaline aqueous solutions the rate 
of decomposition is slow, with no significant decomposition occurring after several 
hours. This decomposition can be accelerated by lowering the pH. In non-aqueous 
solutions, the rate decomposition of the anion was determined to be comparable to the 
rate in neutral aqueous solutions. 
Finally the equilibrium constant for the rate determining step for the reaction of 
nitric oxide with the secondary amine, pyrrolidine in pyridine was elucidated. The 
equilibrium constant for the rate limiting step was found to be 1.1 M- I . 
111 
Resume 
La réaction de l'oxyde nitrique avec les amines secondaires formant des anions 
diazéniurndiolates, dont la structure est R2NN202-, a été étudié afin d'en établir sa 
stéréochimie et son mécanisme de réaction. La préférence stéréochimique de l'isomère 
cis (Z) pour ces composés a été suivie par spectroscopie vibrationnelle, soit l'infrarouge 
(IR) et le Raman. Les barrières théoriques (B3L YP/aug-cc-pVDZ) de rotation des anions 
diazéniurndiolates simples, Me2NN(O)=NO-, ont été calculées en phase gazeuse comme 
étant de 26.2 kcal/mol, prédisant une stabilisation de seulement 0.5 kcal/mol pour 
l'isomère cis, par rapport à l'isomère trans (E). Ce mince avantage permet de constater 
que la préférence stéréochimique observée pour l'isomère cis est de contrôle cinétique 
plutôt que thermodynamique. La spectroscopie vibrationnelle utilisée dans la 
caractérisation des anions nous a permis de déterminer que si l'isomère trans est présent, 
il ne représente que <0.002% du produit formé. 
Le mécanisme de réaction de l'oxyde nitrique avec les amines secondaires a été 
élucidé en utilisant des méthodes cinétiques et de synthèse. Les tentatives de préparation 
des diazéniurndiolates (NONO) en faisant réagir l'oxyde nitrique directement avec 
différents radicaux se sont avérées infructueuses. Parmi les nombreuses substances 
produites au cours de ces réactions, plusieurs n'ont pu être caractérisées de façon 
concluante. 
La vitesse de ces condensations NO-amine s'est montrée dépendante du solvant 
de la réaction, avec une légère augmentation dans les bases organiques hétérocyclique. 
En plus de la variation de la vitesse, le choix du solvant affecte grandement le rendement 
de ces réactions. 
IV 
Les mesures cinétiques dans l'étude de la formation de ces composés indiquent 
que l'équation de la vitesse de réaction comprend plusieurs composantes et que l'ordre de 
la réaction attribué à l'oxyde nitrique est fonction de sa concentration. À faible 
concentration d'oxyde nitrique, un premier ordre en oxyde nitrique est observé. Par 
contre, au fur et à mesure que la concentration en NO augmente, la réaction devient 
d'ordre second en [NO]. 
Le profile de décomposition pour ces diazéniumdiolates dérivés d'amines en 
milieu aqueux montre une différence notoire lorsqu'il est suivi en solution organique. En 
solution alcaline, la décomposition est si lente qu'elle est presque négligeable après 
plusieurs heures. Elle peut être favorisée en abaissant le pH. En solution non-aqueuses, le 
taux de décomposition de l'anion est comparable à celui observé pour les solutions 
aqueuses neutres. 
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1. The Chemistry of Nitric Oxide and its Adducts with Nucleophiles 
1.1 Free Radicals 
A free radical species is defined as "a highly reactive chemical species that 
contains an odd number of valence electrons and thus has a single, unpaired electron 
in one of its orbitaIs." Free radicals are classified according to their kinetic properties 
as well as orbital occupation ofthe odd electron on the radical. Kinetically, radicals 
can be transient or persistent. Transient free radicals undergo bimolecular reactions 
at the diffusion-controlled limit, whereas persistent radicals are radicals that have 
kinetic stability. Radical species are also characterised as either 1t or 0' species 
depending upon where the odd electron is located. Pi-Iocalized radicals have an 
unpaired electron localized in a single p orbital, while in 1t delocalized radicals the 
unpaired electron can delocalize to neighbouringp orbitaIs. Sigma radicals have 
unpaired electrons in an s, sp or sp2 orbital. 
There are three main types of "radical reactions": 1) reactions that result in 
radical formation, 2) reactions in which the radical site is transferred, and 3) reactions 
in which radicals are destroyed. Radical formation involves the cleavage of two-
electron bonds (e.g. peroxide dissociation). Radicals can be destroyed via 
combination reactions with other radicals (e.g. 2 Cl· ~ Ch) or though 
disproportionation reactions (i.e. 2 CH3-CH2· ~ CHrCH3 + CH2=CH2). Radical 
disproportionation is the process in which a hydrogen or other atom is transferred 
from one radical to another radical. The three main types of radical reactions can be 
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subdivided into five categories: (1) substitution, (2) addition and decomposition, (3) 
isomerization, (4) recombination, and (5) dismutation. 1 
2R-CH2 -CH; ~R-CH=CH2 +R-CH2 -CH3 (5) 
1.2 Stable and Transient Free Radicals 
Stable free radicals are radicals with half-lives that are sufficiently long that 
allow for them to be studied usually normally spectroscopic techniques, typically 
minutes or longer. Transient free radicals react with each other and with any other 
radicals in the reaction medium at the diffusion controlled limit? Transient free 
radicals are generally produced by thermal decomposition, irradiation, and electron 
transfer reactions or by electrode reactions. Radicals produced from these methods 
are highly reactive and lifetimes or generally on the order of micro or milliseconds, 
unless they are stabilized by a trapping medium.3 The stability oftransient free 
radicals must be deduced by considering the relative rates of decomposition of radical 
precursors, such as diacyl peroxides and azo compounds. 
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Resonance and sterics are the most important factors influencing the stability 
of free radicals. The stability of a free radical is influenced by the ability of the group 
attached to the radical center to delocalize the unpaired electron. An example of 
radical delocalization contributing to stability is the benzyl radical. Delocalization 
diminishes the radical' s ability to undergo reactions, as a result of a decreased spin 
density at the radical center.4 Steric factors also influence the stability of radicals, by 
hindering bimolecular reactions of the radical that would result in disproportionation 
or dimerization. A weIl known example of this is the triphenylmethyl radical which 
is more stable than the benzyl radical even though there is not much of a difference in 
spin density at the radical center. Triphenylmethyls stability is due in part to steric 
interaction in the dimerization reaction.4 
1.3 Detection of Free Radicals 
The metallic-mirror method is the most important chemical method for the 
detection and identification of free radicals. This method allows for the concentration 
and stability of a free radical species in the gas phase to be determined. 
The magnetic property of free radical species, due to their unpaired electron, 
is a property that can be used for their detection. Unlike most species, which are 
diamagnetic, free radicals are paramagnetic. Diamagnetic species when placed in a 
magnetic field exert a force to move out of the magnetic field. This force is the result 
of paired electrons in the molecule aligning themselves in a direction opposite to the 
external magnetic field. Conversely, paramagnetic species are drawn towards the 
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field as a result of the odd electron' s opposing and stronger interaction than the 
diamagnetic contribution of aIl of the paired electrons. 
The most common method to detect paramagnetism direcdy was developed in 
1945. This technique is called electron paramagnetic resonance (EPR) or electron 
spin resonance (ESR). EPR spectra are produced due to the fact that electrons have a 
spin, and this spin is associated with a magnetic moment. When an external magnetic 
field is applied, the magnetic moment of the electron can adopt one of two 
orientations, with (parallel) or against (anti-parallel) the magnetic field. 
Figure 1 shows the EPR spectra of the hydrogen atom and the methyl radical. 
a) 500 gauss 
Figure 1. The EPR spectra of a) the hydrogen atom and b) the methyl radical. 
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To date, electron paramagnetic resonance spectroscopy remains one of the 
most useful techniques for the direct detection and identification of free radical 
species. 
1.4 Stereochemistry of Radical Reactions 
As recently as mid-1980, organic radicals were thought to be "messy and 
uncontrollable" and very few "clean" reactions were known,z This belief was 
fostered by the idea that highly reactive intermediates could not be selective. The 
idea that organic radicals cannot be controlled and participate in selective reactions is 
incorrect. In the 80's synthetic chemists began to realize that was a difference 
between radical/radical reactions, which are diffusion-controlled and therefore 
unselective, and radical/molecule reactions, which have a large range of rate 
constants.2 During this time, it was discovered that by keeping radical concentrations 
low, radicallradical reactions could be minimized, and by varying parameters such as 
concentration and temperature, radicallmolecule reactions could be controlled. It is 
now commonplace knowledge that radical/molecule reactions can be both 
chemoselective and regioselective. 
1.4.1 Stereochemical Features ofCarbon-Centered Radicals 
Radical reactions are not stereospecific as the stereochemistry associated with 
the radical precursor is generally lost upon formation of the radical.2 This lack of 
stereospecificity in reactions involving stereoisomeric radical precursors can be a 
disadvantage, as the configuration of the final product cannot be controlled by the 
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stereochemistry of the precursor. However, in sorne instances this may be 
advantageous since there is no need to develop stereo selective precursors since in 
many cases either isomeric precursor leads to the same product? Although it is 
important to note that while the same product may be formed from isomeric 
precursors, the rate of radical formation may be altered. 
The two most common ways of stereo selection for radical reactions are 
presented below in Figure 2 (radicals and isomeric reaction products shown as being 
equal in energy for simplification purposes). In both a) and b) it is assumed that there 
are two possible stereoisomeric products, pl and p2, which emerge from a single 
transition state (T.S.). Generally, planar alkyl radicals a single intermediate can 
access two diastereomeric transition states. While in the case of pyramidal alkyl 
radicals each interconverting radical has access to a single isomeric transition state. 
In this second case, the lower the barrier to interconversion of the intermediates and 
the more closely matched they are in energy, the more similar the likelihood of the 
. . b 2 two scenarIOS occurrmg ecome. 
a) T.S b) T.S 
R" 
Figure 2. Energy Diagrams for Stereo selective Radical Reactions.2 
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It is clear that the structure of the radical is important in determining the 
stereochemistry of the reaction product. Information pertaining to radical structure 
typically cornes from calculations, (ab initio or semi-empirical), and EPR 
spectroscopy. Used in conjunction, these tools can provide useful information about 
both the structure and conformation of a radical species? 
This thesis focuses on the emerging chemistry of the nitric oxide radical. 
While the nitric oxide molecule has been known for sorne time, sorne of its basic 
chemistry and biochemistry has not been fully explored. The reaction of nitric oxide 
radical with various species is quite diverse. The radical forms stereoselectively 
compounds with various nucleophilic species, the origin of which is not clearly 
understood. Mechanistic information regarding these NO radical reactions will be 
presented herein. It is hoped that this thesis will expand on the knowledge of the 
chemistry ofnitric oxide's reactions with nucleophiles and stimulate the development 
of novel nitric oxide-nucleophile complexes. 
1.5 Recent Developments in the Chemistry of Nitrogen Oxides 
Many oxides, oxy-acids and oxy-anions of nitrogen are known to exist. These 
compounds have oxidation states ranging from + 1 to +5. Nitric oxide (NO) occupies 
a central position in the series of redox related nitrogen oxides, since NO can be 
either oxidized or reduced to pro duce a variety of species (Figure 3). 
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Figure 3. Redox relationship between nitrie oxide and other nitrogen oxide species. 
Sorne examples include nitrogen oxides include: nitrous oxide (N20), nitrogen 
dioxide (N02) and nitroxyl (RNO) and hydroxylamine (NH20H). Nitrous oxide 
(N20) is formed when ammonium nitrate (NH4N03) is heated. It is also formed from 
the disproportionation ofthree equivalents ofnitric oxide to produce N20 as weIl as 
N02. Nitrous oxide is a relatively inert, colorless gas that is often used as an 
anaesthetic for minor operations, especially in dentistry. Nitrogen dioxide (N02) is a 
brown paramagnetic gas that is formed from the reaction of two equivalents of nitric 
oxide with molecular oxygen, to give two equivalents ofN02, which is also a free 
radical. Due to its unpaired electron N02 dimerizes to give N204 (Figure 4). At low 
temperature and at room temperature the monomer and dimer exist in equilibrium. 
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Figure 4. The most stable structure of dinitrogen tetraoxide 
(N20 4). N20 4 is planar. 
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In the solid state the compound exists purely as N204, which is a diamagnetic 
colorless solid. Nitrogen dioxide reacts with water in two ways; in co Id water N02 
disproportionates to form nitrous acid (RN02) and nitric acid (RN03), while at 
elevated temperatures RN03 and NO are formed. The dimer, (N204), which is 
susceptible to hydrolysis results in the formation of nitrite and nitrate (Equations 6 
and 7). 
NO; + NO; ~N 0 
2 4 
(6) 
(7) 
Nitrogen dioxide is a very chemically reactive molecule, and can be involved 
in recombination, addition and initiation reactions. 1 The diverse reactivity of nitrogen 
dioxide may be accounted for by the mixture of its valence-isomeric structures 
(Figure 5). 
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Figure 5. Resonance structures of nitrogen dioxide 
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Nitrosyl hydride commonly referred to, as "nitroxyl" (RNO) is the reduced 
form ofnitric oxide. Nitroxyl is a highly reactive molecule, which was first directly 
observed spectroscopically in 1958 as a matrix isolation 5 and gas phase 6 product of 
the photolysis of H2/Nü mixtures. It may be formed by the oxidation of 
hydroxylamine by oxidizing agents such as ferric ion. It may also be formed by the 
photolysis of methyl nitrite in an argon matrix at 20 K (8). 7 
Infrared data suggest that the structure of nitroxyl is H-N=O with an H-N-O 
bond angle of approximately 110°. RNO is a relatively unstable molecule due to its 
self-reactivity, and has only been observed directly in aqueous solution by pulse 
radiolysis. In the gas phase, RNO rapidly forms nitrous oxide (N20). The 
formation ofN20 occurs via the reaction between two equivalents ofHNO to give 
hyponitrous acid, (HONNOH), which then dehydrates to afford nitrous oxide (9). 
Prior to the direct observation of nitroxyl, it had been proposed as an 
intermediate in many reactions. Angeli first proposed RNO as an intermediate in the 
decomposition of sodium trioxodinitrate (Na2N03, "Angeli's salt") in acidic 
solutions. 8 Angeli postulated that RNO is formed from the reaction of sodium 
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trioxodinitrate in the presence of weak acid (l0), this is followed by its dimerization 
to give N20 and nitrite (11). 
Angeli also proposed that nitroxyl was involved in the self-decomposition of 
N-hydroxybenzenesulfonamide ("Piloty's acid", Equation 12). 
The conjugate base ofHNO, the nitroside anion (NO) is also known. NO- has 
been shown to react rapidly with nitric oxide to form N20 2- and N30 3- with the latter 
species decaying to form nitrite and nitrous oxide. NO- has a triplet ground state, 
while the ground state of HNO is singlet. This makes the acid-base equilibrium spin-
forbidden and therefore very slow.9 
Further reduction of nitric oxide (3 electron reduction), results in the 
formation ofhydroxylamine (NH20H). Hydroxylamine can be used as a reducing 
agent and its reducing ability is demonstrated by its reactions with hemoproteins. In 
addition to hydroxylamine's ability to act as a reducing agent, NH20H can react as a 
nuc1eophile. The nuc1eophilic action ofhydroxylamine is due to the a effect which is 
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the result of the combination of the nucleophilic lone pair of electrons on the nitrogen 
atom as well the lone pairs of electrons on the adjacent oxygen atom. 
1.6 Nitric Oxide 
1.6.1 Physical and Chemical Properties of Nitric Oxide 
Nitric oxide (NO) has eleven electrons in its valence shell (five from nitrogen 
and six from oxygen), with the eleventh unpaired electron situated in a 2pn * orbital. 
This unpaired valence electron is responsible for nitric oxide's rich and varied 
chemistry. The combination of the two 2s and three 2p atomic orbitaIs ofnitrogen 
and oxygen forms four bonding and four anti-bonding orbitaIs. The energy level 
diagram for these orbitaIs is shown in Figure 6. 10 The ground state of the nitric oxide 
radical is unusually low and has been described by Pauling in terms of the quantum 
mechanical resonance of the four valence structures (Figure 7). Il 
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Figure 6. Molecular orbital diagram for -NO. The unpaired electron resides 
in an antibonding (1t*) orbital 10 
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Figure 7. Resonance valence structures of nitric oxide. 
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Nitric oxide has a small electron affinity, E.A = 0.5 kcal/mol, resulting in NO-
being only slightly more stable than NO. The ionization potential of NO is large with 
a value of213.5 kcal/mol, which me ans that NO+ is significantly more unstable than 
nitric oxide. In the gas phase a large amount of energy is required to ionize nitric 
oxide, however in solution the chemistry is much different. NO+ may be attained 
without expending a lot of energy in protonating environments, via proton transfer 
from one base to another (13).12 
(13) 
Nitric oxide has solubility in water of 2 mM at room temperature and 1 mM at 
physiological temperature. It is slightly lipophilic and exhibits a 6-8 fold higher 
solubility in nonpolar solvents. The boiling and freezing point of this molecule is 
-151.8 oC and -163.6 oC respectivelyY Nitric oxide does not have a strong tendency 
to dimerize 14 and at room temperature it is a colorless gas comprised solely of 
diatomic molecules. Dimerization in the gas phase is only significant at low 
temperature15 or high pressure. 16 Under these conditions the N202 dimer is cisoid and 
nearly planar, with O=N-N bond angles of97o. 17 The stretching frequencies of N202 
in the gaseous state are strong and occur at 1860 cm-1 (symmetric NO stretch) and 
1788 cm-1 (antisymmetric NO stretch).18 In the liquid state nitric oxide is partially 
dimerized and the solid is comprised entirely of loose dimers, which are believed to 
have the structure shown below (Figure 8):7 
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Figure 8. Dimerization of Nitric Oxide 
Nitric oxide is a linear molecule with sp hybridization. The nitrogen and 
oxygen in nitric oxide are effectively held together by 2.5 bonds and therefore the 
bond distance of 1.15 A is between that of a typical N2 triple (1.06 A ) and O2 double 
(1.18 A ) bond. 19 Nitric oxide is thermodynamically unstable which is illustrated 
with its large positive Gibbs energy of formation (dtG°298 = 86.32 kJ/mol). 
Consequently, nitric oxide can not be prepared from the combination of its elements 
N2 and O2, with the exception being the small quantities of nitric oxide produced 
during electrical storms.20 The most common method of preparing nitric oxide on an 
industrial scale is through the catalytic oxidation of ammonia (14), while the 
reduction of aqueous nitrite by iodide ion is a convenient laboratory-scale synthe sis 
(15),z0 
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Although nitric oxide is thermodynamically unstable, its decomposition to its 
constituent elements is kinetically hindered at ambient temperature. Therefore, nitric 
oxide can be stored indefinitely at 1 atm pressure at room temperature without any 
appreciable decomposition. None of the following reactions have been found to 
occur to any appreciable extent under ambient conditions (Equations 16-19): 21,22 
(16) 
4NO(g) = N 2(g) + 2N02(g) (17) 
(18) 
(19) 
Compressed nitric oxide, contains impurities such as N20 and N02 both of 
which are contaminants due to the disproportionation of NO, (19) which although 
negligible at 1 atm, is appreciable at high pressures?3 The rate ofnitric oxide's 
decomposition and disproportionation has been found to increase not only at elevated 
pressures, but also by the use of catalysts and at high temperatures. Purification of 
commercially available NO is therefore needed prior to use, especially to remove 
N02. Removal ofN02 can be achieved by passing the gas through aqueous alkali or 
solid hydroxide pellets. 
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1. 6.2 Nitric Oxide 's Biological Significance 
Despite the fact the nitric oxide has been known to chemists for well over two 
centuries, it has only been as recently as 1988 that evidence of its biochemical 
importance was reported. 14 Prior to this, NO was just considered to be a toxic gas, 
one of the constituents of acid rain, smog and tobacco smokey,14 Nitric oxide is an 
important part of physiological function as it acts as a protective, regulatory and 
signalling agent.24-26 Sorne of the many bioregulatory functions that nitric oxide has 
been implicated in are presented in Figure 9. 
Cytostasis 
Gastrointestina~ l / 
motility " 
Penile erection 
Uterine relaxation 
Bronchodilation N 0 --.... Vasorelaxation 
1 "" Neurotransmission / Immune function 
Antiplatelet action 
Figure 9. Sorne of the bioregulatory functions of nit rie oxide. 
In mammals three different isoforms of NO synthase catalyze the production 
ofnitric oxide. Two ofthese isoforms nNOS and eNOS are constitutive enzymes that 
are regulated by Ca2+ fluxes, while the third, iNOS is produced in many cells in 
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response to inflammatory stimuli. 13 The biosynthesis of nitric oxide occurs during 
the oxidation of L-arginine to NG-hydroxyl-L-arginine, which is then further oxidized 
to L-citrulline and NO (Scheme 1). 
+ NO 
Scheme 1. Biosynthesis of NO from L-arginine13 
The NO synthases usually take care of all nitric oxide production, however 
nitric oxide levels can become too high or too low. High levels of nitric oxide 
production can result in the lowering of blood pressure to dangerously low levels and 
may lead to tissue damage in chronic diseases such as rheumatoid arthritis. In order 
to prevent excessive NO production, many NO synthase inhibitors have been 
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developed?7 When nitric oxide levels are too low, health problems such as 
impotence, unwanted clot formation and collapsed blood vessels can arise. 
Therefore, there exists a need to develop compounds that can release nitric oxide 
under physiological conditions in an attempt to overcome these problems. Drugs that 
deliver nitric oxide have been known for many years. Nitroglycerin and isomyl 
nitrite (Figure 10) are just a couple of examples. Although these compounds are NO 
donors they have disadvantages. Nitroglycerin (a nitrate ester) requires a three 
electron reduction to form the NO radical, and repeated use ofthis drug has been 
known to lead a decrease in efficiency.28 Isomyl nitrite, (a nitrite ester), produces NO 
through direct reduction and is easily hydrolyzed to the nitrite ion and can nitrosate 
other species leading to the formation of carcinogenic nitrosamines?9 
nitroglycerin (GTN) Isoamyl nitrite 
Figure 10. Cornrnon NO donors 
The need to develop drugs that allow for the controlled, targeted release of 
nitric oxide is important, since nitric oxide's half-life is variable and very short in 
blood. Controlled release of nitric oxide to the cell or tissue where it is needed 
without affecting NO-sensitive tissues is therefore desired, and remains a challenge. 13 
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1. 7 Reactions of Nitric Oxide 
1. 7.1 Reactions with other Radicals 
As previously mentioned nitric oxide does not exist as a dimer in the gaseous 
state, however, as a liquid and solid NO exists as the N20 2 dimer. Another important 
radical combination reaction is that of nitric oxide with superoxide to generate 
peroxynitrite (20). 
NO+O;·~-OONO (20) 
1. 7.2 Reaction ofNitric Oxide with Oxygen 
The reaction of nitric oxide with oxygen to form N02, is the most widely 
studied reaction involving nitric oxide, due to the air pollution caused by N02. 14 This 
reaction is second-order with respect to NO and first-order with respect to oxygen 
(21). 
2NO + O2 ~ 2N02 (21) 
In aqueous solutions the product ofthis reaction is nitrite (22): 
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Rate = k[02]2[NO] 
k = 2.1xl06 M-2s-1 
(23) 
The rate law for this reaction is given by Equation 23. 15 Nitrite can also be 
produced from the reaction ofnitrogen dioxide with a molecule of NO to give the 
blue liquid N20 3 (dinitrogen trioxide) and subsequently nitrite (Equations 24 and 25), 
which can lead to complicated side reactions.20 
(24) 
(25) 
1.7.3. Reactions with transition metals and their complexes 
Nitric oxide can act as a ligand in a wide variety of metal complexes 
and its coordination chemistry has been studied extensively. Nitrosonium ion (NO+) 
is isoelectronic with carbon monoxide (CO) and therefore many of the rnetals that 
forrn carbonyl complexes also form nitrosyl complexes. Prior to 1960, studies of 
nitric oxide with transition metals were focused on developing metal nitrosyl 
compounds. 19 During this time it was largely believed that nitric oxide coordination 
to transition metals was linear, as is the case for nitroprusside ion Fe (N-O) (CN)? 
and sorne nitrosyl carbonyl complexes such as nitrosyl carbonyls Co(NO)(CO)J.30 By 
1968 this view had changed as Ibers and Hodgson 31 were able to prepare and 
characterize a transition metal complex containing a bent NO geometry (Figure Il) 
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Figure 11. Transition metal complex with bent mode of metal -nitrosyl bonding 31 
The observation that both the linear and bent mode of coordination were 
possible, led to studies in determining if interconversion was possible. Collman et al. 
32 examined this possibility in 1969 with respect to the catalytic activity of certain 
transition metal-nitrosyl complexes. Since the difference between the two modes of 
coordination is an electron pair on the nitrosylligand, interconversion would result in 
the withdrawal and donation ofthis electron pair to the metal center. These 
researchers 32 suggested that in the bending mode the nitrosyl would be withdrawing 
an electron pair from the metal, thus creating an open coordination site, which is 
essential for catalytic activity. 
Nitric oxide forms complexes with iron and copper quite readily, with the 
former being significant in biological systems. The most common iron (Fe) 
complexes with nitric oxide are presented in Scheme 2. 
Scheme 2. Most common iron- nitrosyl complexes. 
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In Scheme 2 (Equation 26), NO is bound to Fe (III), while in Equation 27 the 
oxidation state of NO is fonnally Fe (II). Since the metal-nitrosyl bonds are covalent 
the use of oxidation state it is not adequate to describe these types of complexes. In 
1974, Enemark and Feltham described a more convenient fonnalism to represent 
these types of compounds.33 As nitric oxide coordinates with transition metals to give 
both linear and bent MNO geometries, a more accurate representation was needed to 
reflect the resonance structures ofboth M (III) and M (II). Enemark and Feltham's 
proposed the use of the covalent{M(NO)}n to represent the resonance structures, 
where the superscript n is the SUffi of the d electrons that would be counted on Fe in 
the oxidation state fonnalism, provided the ligand were actually the NO radical, plus 
the n* electron from the NO. According to Enemark and Feltham's fonnalism when 
n~ 6 NO adopts a linear geometry and n >6 (i.e. 7, 8) result in a bent structure. 
Nitric oxide been reported to be involved in blood pressure control, 
neurotransmission and immune response,24-26 but it has been found to be very reactive 
with redox-active metal centers, especially ifthese are ligand substitution labile, with 
the overall stability of the resulting adduct fonned depending on the oxidation state of 
the metal center. 19 Therefore there has been much interest in these metal-nitrosyl 
complexes as it is now well known that NO is involved in many fundamental 
biochemical processes.34 Research has been focused on metal-NO compounds as 
many ofthese processes involve the interaction ofnitric oxide with metal centers, 
specifically iron.35,36 
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1.7.4 Nitric Oxide 's Reactions with Various Nucleophiles 
1. 7.4.1 History and Nomenclature of Diazeniumdiolates 
The Lewis acid (electron pair acceptor) property of nitric oxide is an 
important characteristic that allows it to react with nucleophiles (electron donors). 
Nitric oxide has been shown to bind to a variety ofnucleophiles37, the first ofthese 
reactions having been carried out well over two centuries ago. In 1802, Davy38 
observed and in 1895 Pelouze discovered that the reaction between nitric oxide and 
potassium hydrosulfite in water produces the dianion dinitrososulfite or what is 
referred to as Pelouze's salt (for the dipotassium salt). (Figure 12) In this compound, 
two equivalents of nitric oxide are bound to a sulfur atom. Since this time, nitric 
oxide has also been shown to react with a variety of nucleophiles such as 
dialkylamines 37,39-42, carbanions 43, nitriles 44 and ketones 45. 
Figure 12. Nitrososulfite formed from the reaction of NO with sulfite 
The products of these nucleophile-nitric oxide reactions typically result in the 
addition of two nitric oxide molecules to the nucleophile. The general reaction is 
shown below in Scheme 3 (where R= alkyl, aryl, R2N, solo, etc.). It is important to 
note that the addition of more than 2 equivalents of NO to a nucleophile has been 
reported.46 
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Scheme 3. General nitric oxide - nucleophile reaction 
The general term for compounds that contain the atomic grouping of two 
nitro gens and two oxygens arranged as shown in Scheme 4 (where X=generic atom), 
are referred to as diazeniumdiolates. The anionic form can exist as a hybrid of the 
resonance forms shown be1ow, with crystallographic studies showing a predominance 
for the structure on the le ft. 43 
/0_ 
N Il ~ .. ~. 
N 
x/+"-o 
Scheme 4. Possible resonance forms of the diazeniumdiolate functional group 
The name for compounds containing this functionality is derived from the 
bonding arrangement ofthe atoms. "Diazen" represents the N=N linkage, "ium" the 
formaI positive charge and "diolate" refers to the two negatively charged oxygens. 
Attachment of substituent (X) occurs at position 1, so that the full name is "diazen-l-
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iurn-I,2-diolate".43 These compounds are generally referred to in the literature as 
NONOates. 
1.7.4.2 Carbon Bound Diazeniumdiolates 
More diazeniurndiolates are bound to carbon than to any other atom. In fact 
carbon-bound diazeniumdiolates have been known for weIl over a century.43 There 
are many ways in which they can be formed. These inc1ude nitrosations 47, insertion 
reactions48, and reactions with carbanions 49 to name a few. Organohydroxylamines 
are by far the most common precursor to the C-diazeniurndiolates. They are typically 
best prepared under basic or neutral conditions, since many are acid sensitive. An 
example of this, is shown in the preparation of Cupferron (Scheme 5), which is 
prepared from the nitrosation of phenylhydroxylamine with amyl nitrite/ammonia50 or 
methyl nitrite/ammonia51 Cupferron, (the name specifically referring to the 
ammonium salt ), is an example of a phenyldiazeniurndiolate. 
RONO .. 
NH3 
Scheme 5. Preparation of Cupferron 
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An interesting reaction that forms carbon bound diazeniurndiolate is the 
insertion ofnitric oxide into metal-carbon bonds. An example ofthis can be seen in 
the reaction of nitric oxide with dimethylzinc in aqueous media 48 to form the C-
bound diazeniumdiolate shown in Scheme 6 below: 
CH3 CH3 
1 I~ M + NO .. M-N=O 
1 1 
.+ 
"---" CH3 CH3 
CH3 ~+I .. 
CH3-M-N--N=O 
1 .. .. 
"--:R!. 
Scheme 6. Nitric oxide insertion into a metal-carbon bond 
The afore-mentioned reaction is not characteristic of an organometallic reactions with 
nitric oxide, however it is not an isolated example.52 
Modification of C-diazeniurndiolates is possible through alkylation of the 
oxygens. The Ol-alkylated diazeniurndiolates can be prepared by direct nitrosation of 
N-substituted alkoxylamines using acidified inorganic nitrite.53 These compounds are 
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generally instable and therefore not practical to prepare. 0 2 -alkylated 
diazeniurndiolates however are quite stable and can be prepared via the direct 
alkylation of the unsubstitued analogues (Scheme 7). Alkylation is not regiospecific, 
however due to the instability of Ol-substituted compounds; the 0 2 alkylated products 
can be readily isolated. 
PhCH2Br 
.. 
Scheme 7. Alkylation ofunsubstituted C-diazeniumdiolate. 
Carbon-bound diazeniumdiolates undergo a wide variety of reactions. They 
can react with various nucleophiles; react as a nucleophile as well as be involved in 
reactions in which nitric oxide is released. An example of these compounds reacting 
with nucleophiles is shown in Scheme 8, in which an 0 2 -tosyl diazeniurndiolate in 
sodium methoxide solution results in the formation of a methylated 
diazeniumdiolate54. 
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Scheme 8. C-bound diazeniumdiolate reaction with a nucleophile 
These compounds can also behave as nucleophiles, since the carbon bearing 
the diazeniurndiolate functionality is a potential nucleophilic site.43 This is due to the 
fact that both unsubstituted and alkylated C-bound NONOates stabilize a negative 
charge on an adjacent carbon.45 This results in the protons on carbons next to the 
diazeniumdiolate functional group being acidic and therefore they can be alkylated 45 
or halogenated 55 in the presence ofbase. An example ofthis is shown below in 
Scheme 9, in which there is a Knoevenagel condensation of benzaldehyde, with an 
active methylene compound ofthe type Z-CH2-Z' containing two NONOate 
functionalities. 45 
Scheme 9. Knoevenagel reaction - C-bound diazeniumdiolates behaving as a nucleophile. 
As a nitric oxide releasing agent, most C-diazeniumdiolates are not very 
useful since they typically decompose to give nitrous oxide. 56 There are however a 
few examples in which these compounds can be nitric oxide donors. Derivatives of 
Cupferron have been shown to release nitric oxide by enzymatic oxidation 57, thermal 
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or photochemical release 58. Recently, there has been the development ofC-bound 
diazeniumdiolates that release nitric oxide. These compounds have been derived 
from enamines 59, phenolates 60 and N-hydroxyguanidines 61,62. The reason why these 
few examples result in the release of NO as opposed to N20 as is the case for most C-
bound diazeniumdiolates has been offered,59 and in sorne instances it appears that 
there is a reversaI of electron flow 56 that results in nitric oxide release (Scheme 10). 
o N~ 
1 + 
N 
x/ "-...0 
oc 
2 H20 
.. x+ + N20 + 2 H20 
Scheme 10. Reversai of electron flow responsible for nitrous oxide 
release from C-bound diazeniumdiolates 56 
1.7.4.3 Nitrogen Bound Diazeniumdiolates 
Unlike their carbon bound analogues, nitrogen-bound diazeniumdiolates were 
only discovered less than 50 years ago. The very first reported N-bound 
diazeniumdiolate was by Drago in 1960, and it was the nitric oxide adduct of 
diethylamine (Scheme Il). 40 
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Scherne 11. Preparation of diethyldiazeniurndiolate 
These compounds were generally ignored until the late 1980's when the 
biochemical significance of NO was discovered and the need for nitric oxide donors 
arose.63 The nitrogen based diazeniumdiolates are typically derived from amines, 
with these compounds being less stable than their carbon analogues.43 Condensation 
of nitric oxide with an amine remains the only practical way of preparing these 
compounds. Condensation may be carried out under atmospheric or high pressure 
conditions, with the latter resulting in a higher yield of product.39 The mechanism of 
amine derived N-bound diazeniumdiolate formation remains undear, as attempts to 
elucidate the mechanism of the reaction proved not to be very convincing due to 
misleading spectral interpretation.64 The two mechanisms that have been considered 
are A) the attack of amine on the nitric oxide dimer or B) the sequential addition of 
nitric oxide to the amine, resulting in the formation of a radical intermediate (Scheme 
12). 
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- + 
R2NHN20 2 + R2NH----' R2NN20 2 + R2NH2 
(A) 
(B) 
Scheme 12. Possible mechanisms for N-bound diazeniumdiolate formation. 40 
Similar to their C-bound analogues, nitrogen-bound diazeniurndiolates may be 
modified as weIl. Modifications include alkylation using alkyl halides 42, aryl 
halides65 and alkyl sulfates 42 (Scheme 13). Unlike, the C-bound diazeniumdiolates, 
no stable OI-derivatives have been isolated; however 0 2 -derivatives are possible and 
prove to be quite stable.43 
o 
+N1 0- R'X 
/" ~ / ~---i"~ 
NR2 N 
Scheme 13. Alkylation of N-diazeniumdiolates where R = alkyl and X = halide or sulfate. 
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Nitrogen-bound diazeniumdiolates have received attention in recent years as a 
result of the discovery that the nitric oxide adduct of diethylamine (DEAlNO) (refer 
to Scheme Il) decomposed to generate two equivalents of nitric oxide and its parent 
amine (diethylamine).66 The mechanism of NO release is shown in Scheme 14. 
N~O 
H20--H 1 ~,-/N~ 
, X' 0 
H20 + HX + N20 2 ---l''~ 2 NO 
Scheme 14: Mechanism of NO release in acidic media (where X=NR2). 56 
Drago et al.39 examined a variety of diazeniumdiolates derived from primary 
(i.e. methylamine and isopropylamine) and secondary amines (i.e. diethylamine and 
dipropylamine), and found that diazeniumdiolates of primary amines are less stable. 
As a result, much of the CUITent work has been focused on developing NO releasing 
compounds derived from secondary amines. 
Nitrogen bound diazeniumdiolates have found applications as nitric oxide 
donors, as it was found that many amine derived diazeniumdiolates when dissolved 
under physiological conditions (pH 7.4, 37°C) spontaneously release nitric oxide. 
Nitric oxide release proceeds with simple first-order kinetics and is acid catalyzed 
with the rate of dissociation in aqueous media dependent upon pH. 13 For instance, the 
diethylamine-nitric oxide adduct (DEAlNO) has a half-life of 2 min at pH 7.4, while 
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the pyrrolidine-nitric oxide adduct (PYRROINO) and the proline-nitric oxide adduct 
(PROLIINO) (Figure 13) have half-lives of 3 sec. and 1.8 sec. under these same 
conditions. As the pH is lowered the NO release rates for these diazeniumdiolates 
dramatically increase. 67,68 
+ 
\ +/o_Na 
N-N ~ \-o.-Na+ 
Diethylamine adduct 
N 
+ 1 0 - Na+ 
N 
-0/ ~N 
1 Na+ 0_ 
Protine adduct 
Figure 13. N-bound diazeniurndiolates used as NO donors. 
Rates of NO release for N-bound diazeniumdiolates have been found to range 
from 2 sec. to 20 hours depending upon the structure the nucleophilic backbone.69 
The rate of diazeniumdiolate nitric oxide release is not dramatically affected by the 
presence of trace metals or thiols which are present in biological media.63 The wide 
range of nitric oxide release rates under physiological conditions makes these 
compounds very attractive for biomedical applications. Most nitrogen-bound 
diazeniumdiolates are readily soluble in water, and are typically stored as alkaline 
solutions to limit decomposition. The ease of solubility of these compounds in 
aqueous solutions is not only a benefit but also a limitation for their use as NO donors 
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III VIVO. The spontaneity of nitric oxide release results not only in the desired affect, 
but can lead to unwanted side effects to NO-sensitive parts of the body as weIl. As a 
result there have been attempts to generate prodrugs that site specifically re1ease nitric 
oxide at the target site. 63,67 Prodrugs are compounds that cannot release NO unless 
enzymatically or photolytically converted to the desired diazeniumdiolate in the target 
tissue. Prodrugs such as the ethylated derivative of diethylamine diazeniumdiolate 
are quite stable compared to its underivatized counterparts. While the half-life for 
DEAINO is 2 min. at pH 7.4 at 37°C, the ethylated derivative does not decompose 
under these same conditions.43 
The versatility of the diazeniumdiolate functional group allows for the 
development of tissue specific nitric oxide donating drugs, as well as for the 
development of biomaterials that contain the diazeniumdiolate functionality to be 
devised. The strategies used to develop site specific and/or targeted NO delivery 
inc1ude the incorporation of the diazeniumdiolate functionality into polymers and the 
use of protecting groups that allow for NO re1ease as a result of enzyme activation. 13 
The incorporation of the X-NONO"(X= amino group) group into polymeric matrices 
has been achieved by Smith et al. 70 The functional group may be incorporated as 
polymer blends, by the covalent attachment to groups pendent to the pol ymer chain or 
by direct attachment to the polymer backbone (Figure 14). 
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Figure 14. Incorporation of the NONO- functional group into polymers: 1, as polymer blends; 
2, through covalent attachment to groups pendent to the polymer chain; 
3, by covalent attachment to the polymer backbone. 13 
Low molecular weight polymers such as polyethylene glycol or polyurethane 
may be used for diazeniumdiolate incorporation. The use of polymer blends tends to 
alter the rate of nitric oxide release by shielding the functional group from proton 
sources that would initiate NO release. This type ofNO-donating polymer has been 
used as coatings for artificial materials that come in contact with the bloodstream.71 
The functionalization of the diazeniumdiolate using protecting groups is 
another strategy used to develop site -specifie prodrugs. The addition of covalently 
bound groups to the terminal oxygen of the NONO- functionality allows for the 
diazeniumdiolate to move throughout the body without spontaneously releasing nitric 
oxide. 13 The desired outcome is that NO release will only occur when metabolically 
reconverted to the diazeniumdiolate at the target site. A generalized scheme is shown 
in Scheme 15 below. 
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Scheme 15. General scheme showing prodrug formation by 
0 2 -functionalization and the subsequent metabolic regeneration of nitric oxide. 
The vinylated pyrrolidine-nitric oxide adduct (V -PYRRO/NO) was used as a 
liver selective drug by Billiar's group.67 These researchers used the fact that the liver 
is rich in enzymes, the cytochromes P450, which catalyze the epoxidation of vinyl 
ethers along with their other functions. V-PYRRO/NO was prepared and when tested 
in rats did indeed generate NO in the liver without causes other unwanted side effects 
(i.e. lowering ofblood pressure). The proposed mechanism of the reaction is shown 
in Scheme 16, in which the cytochromes P450 epoxidize the vinyl ether and then 
subsequent hydrolysis of the resulting oxirane and fragmentation of the interrnediate 
hemiacetal regenerates the starting amine and two equivalents of nitric oxide. 
37 
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Scheme 16. Proposed mechanism of the metabolic conversion for V-PYRRO/NO 
(a Iiver selective prodrug). 67 
The fact that nitric oxide is released spontaneously from N-
diazeniumdiolates, and that the release rate appears to be unaffected by biological 
reactants makes these compounds valuable to NO research. Most of the amine-
derived diazeniumdiolates are crystalline compounds which are hygroscopie and may 
be oxidized. If stored at atmospheric pressure at room temperature, decomposition of 
the salt will occur. For this reason diazeniumdiolates are typically stored at low 
temperatures -20°C and kept under nitrogen or argon. Under these conditions the 
diazeniumdiolate can be stored for months without any appreciable amount of 
decomposition.43 
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1.8 Scope and Aim of Thesis 
In recent years nitric oxide has been shown not only to have a role in the 
environment as a pollutant, but to have an important role in biochemical processes. 
As a result of its biological significance there has been a major effort in trying to 
examine the role ofnitric oxide in the body. Many investigations towards 
understanding the formation and fate of NO in living systems have been done and it is 
now understood that there are important implications for having either too much or 
too little nitric oxide production. In an effort to address the latter issue there have 
been many endeavours to try and develop compounds that release nitric oxide under 
physiological conditions. To this end, diazeniumdiolate ions, more specifically 
nitrogen-bound diazeniumdiolates, have been prepared and shown to spontaneously 
release two equivalents of nitric oxide at physiological pH. Condensation of nitric 
oxide with amine nucleophiles is the traditional route by which these nitric oxide 
donating species are prepared. While the synthesis of the compounds is relatively 
facile, the details surrounding the mechanism oftheir formation remain unclear, as 
does the apparent stereochemical preference for the cis (Z) isomer observed. In this 
thesis the observed stereospecificity is examined and the overall mechanism of the 
reaction probed. 
Chapter 2: Stereochemistry ofNitrogen-Bound Diazeniumdiolates 
N-diazeniumdiolate ions have their essentially planar O-N-N-O systems 
arranged in a cis configuration. Despite all of the nitrogen-bound diazeniumdiolates 
known relatively few exhibit the trans (E) configuration. The small number of E 
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isomer species observed may in part be due to the use of spectroscopie techniques 
with insufficient detection limits, or the trans isomer may be present but 
unrecognizable. In this chapter vibrational spectroscopy as a tool for the detection 
and identification of a trans isomer of a simple N-diazeniumdiolate is described. The 
feasibility of infrared and Raman spectroscopy to identify and determine relative 
isomer concentrations is presented. 
Chapter 3: Investigation of Mechanism: Radical Anion Intermediate 
The mechanism for the formation of nitrogen-bound diazeniumdiolates is 
unknown. One proposed mechanism involves the participation of a radical 
intermediate. In this chapter, radical anion species are prepared and reacted with 
nitric oxide. The products of these reactions are investigated in an effort to determine 
ifradical anions lead to the formation ofN-diazeniumdiolates. 
Chapter 4: Kinetics ofNitrogen Bound Diazeniumdiolate Formation 
In order to elucidate the mechanism of formation of nitrogen-bound 
diazeniumdiolates kinetic experiments are carried out in a variety of solvents using 
various secondary amines. The effects of factors such as concentration, temperature 
and solvent on reaction rate are examined. The rate law for secondary amine - NO 
condensation reactions is determined and a mechanism proposed. 
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Chapter 5: Decomposition of Nitrogen Bound Diazeniumdiolates 
The decomposition of these ions in aqueous and organic solutions is 
described. The pH dependence for these anions in aqueous solutions as weIl as cation 
stabilization is discussed in this chapter. The influence of organic solvents on the 
overall rate of decomposition is also examined using UV and NMR spectroscopie 
techniques. 
Chapter 6: Conclusions, Contributions to Original Knowledge and Suggestions for 
Future Research 
In Chapter 6, a summary of the general conclusions of this work along with 
suggestions for further research is presented. 
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2. Stereochemistry of Nitrogen- Bound Diazeniumdiolates 
2.1 Stereochemistry of Nitric Oxide DimerÏzation 
The oxides of nitrogen belong to a small c1ass of molecules which are 
considered stable, even though they possess and unpaired electron. As a consequence 
of their open shell nature, nitrogen oxides have a tendency to form dimers, which is 
exemplified by nitrogen dioxide (N02) dimerizing to dinitrogen tetra oxide (N204) at 
low temperature. 1 While the equilibrium constant for the dimerization of nitric oxide 
is very small in the gas phase «10-4M-1), it does dimerizes, with the solid being 
composed ofweakly bound NO dimers. The structure ofthe nitric oxide dimer 
(N202) has been extensively studied,I-4 and initially the conformation ofthis weakly 
bound dimer was not conc1usively known. Cis, trans and cyc1ic dimeric structures for 
the nitric oxide dimer have been proposed and studied theoretically (Figure 1). The 
cyc1ic ONNO (1) structure was first suggested by Vladimiroff,5 whose theoretical 
ca1culations predicted that this would be the most stable structure. However 
ca1culations by Skaarup, Skancke and Boggs indicated that the cis (II) acyc1ic 
conformer is the more stable form with this isomer being 2.9 kcal/mol more stable 
than the acyc1ic trans (III).6 
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Figure 1. Possible configurations for the nitric oxide dimer. 
The stability ofthe acyclic cis ONNO conformation (II) has been collaborated 
by density functional theory (DFT) and higher level calculations by many other 
researchers.3,7,8 Experimental evidence of the neutral dimer in both the gas and 
condensed phase also suggests a planar cis geometry for the dimer.9,10 The preference 
for the NO dimer to exist as the cis isomer, may be explained in terms of aromatic 
stabilization (Figure 2). Calculated and experimental geometries of (II) show that this 
isomer has a long (2.39 A) and therefore weak N-N bond. 11 
(IV) 
Figure 2. Nitric oxide dimer: Aromatic stabilization due to 6 electrons in a cyclic array. 
The reason for the weak N-N bond is that the binding energy is relatively 
small (3.1 kcallmol), and the interaction between NO monomers is not very strong 
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like a van der Waals complex.3,1O,1l It has been suggested that this weak N-N bond 
reflects the fact that cr aromaticity rather than van der Waals forces is responsible for 
stabilizing the sterically hindered cis isomer relative to the other isomers. 12 As is 
illustrated by (IV), there are six electrons positioned in a cyclic array with favorable 
orbital overlap between the oxygens giving a weak 0-0 bond, and as a result the cis 
isomer (IV) may demonstrate aromatic stabilization. 
Another explanation for the weak N-N bond ofthe dimer lies in the fact that 
the radical does not completely reside on the nitrogen, but is delocalized between the 
nitrogen and oxygen. However, calculations show that the nitrogen atom does have a 
larger orbital coefficient and this explains most of the observed radical chemistry 
occurring at the nitrogen. 13 
2.2 Stereochemistry of N-Bound Diazeniumdiolates 
To date, aIl nitrogen bound diazeniumdiolates have a planar O-N-N-O system, 
and aIl but one contain oxygen in a Z (cis) configuration with respect to the N-N 
double bond. 14 Despite the fact that the formation of carbon-based diazeniumdiolates 
has been known for many years,15,16 only a few examples of the E (trans) 
configuration analogues of (VI) have been observed. 14,17-19 These examples involve 
cyclic ring systems with N/O di substitution. Two examples of diazeniumdiolates 
exhibiting the trans configuration are shown in Figure 3. The structure on the left is 
that of a carbon-bound diazeniumdiolate, and that on the right is a nitrogen-bound 
diazeniumdiolate. 
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Figure 3. Diazeniumdiolates exhibitlng the trans configuration. 
Theoretical studies have demonstrated that the acyclic ions have equal energy 
minima corresponding to cis (V) and trans (VI) geometries,17,20 and therefore could 
adopt the trans configuration, (Figure 4). 
-
R ° \ +/ 
N-N 
/ ~ 
R Z N-O_ 
(V) (VI) 
Figure 4. Cis (Z) and trans (E) configurations for nitrogen-bound diazeniumdiolates. 
Theoretical (B3L YP/aug-cc-pVDZ) rotation barriers for the Me2NN(O)=NO· 
free anion are calculated in the gas phase to be 26.2 kcal/mol with the cis isomer 
predicted to be stabilized by only 0.5 kcal/mol compared to the trans isomer (Figure 
5). For the O-alkyl derivatives MeHNN(O)=NOMe and Me2NN(O)=NOMe , the 
rotation barriers are high, 40.8 and 39.6 kcal/mol respectively, with the minima 
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predicted to be separated by approximately 5.9 kcal/mol. Therefore, the absence of 
(VI) is most likely not due to facile isomerization from a product under 
thermodynamic control. Rather, it is believed that the preference ofthe Z geometry 
(V) for these ions is kinetically controlled. 
Transition State 
26.2 kcal/rnol 
25.7 kcaVrnol 
z E 
Figure 5. Energy profile for the dimethyldiazeniumdiolate anion obtained 
from DFT calculations at the B3LYP/aug-cc-pVDZ level. 
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A diazeniumdiolate with the structure R1R1NN(0)=NOR1, (where R1= CH3), 
was investigated. Prior theoretical investigations on similar diazeniumdiolates have 
indicated that these species could adopt the E or Z configuration. 14,20-22 Previous 
attempts to isolate and observe the E isomer of acyclic N-bound diazeniumdiolates by 
1 H NMR did not provide any conclusive evidence of its existence,14,20 down to the 
detection ratio of 1/100. In principal, vibrational spectroscopy is a useful tool to 
analyze the conformation of these ions, and it was hypothesized that Raman 
spectroscopy might allow for isomer detection due to an anticipated brightness of the 
symmetric framework modes. 
Raman and Fourier-transform infrared (FT-IR) spectra for the simplest mono-
alkylated diazeniumdiolate, 0 2_ methyl1 - (N, N-dimethylamino) diazen-1-ium-1,2-
diolate (VII, VIII), are presented. The experimental vibrational modes are compared 
to density functional theory calculations at the B3LYP/aug-cc-pVDZ level for both 
the Z and E isomers. The results are then used in order to identify the presence of the 
previously unreported E form of an acyclic nitrogen-bound diazeniumdiolate. 
(VII) 
Figure 6. 02-methyll-(N,N-dimethylamino) diazen-l-ium-l,2 diolate cis and trans isomers. 
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2.3 Experimental 
2.3.1. General Experimental 
Compound (VII), [Me2NN(O)=NOMe], was prepared from sodium 1-
(N,N-dimethylamino )diazen-l-ium-l ,2-diolate and characterized as previously 
described?O Sodium 1-(N,N-Dimethylamino)diazen-l-ium-l,2-diolate, 1.95 g 
(0.015mol) was dissolved in 20 mL ofmethanol, cooled to 0 oC, treated with 1.5 mL 
(0.016 mol) of dimethyl sulfate, and kept overnight at 25 oC. The product was 
concentrated on a rotary evaporator, extracted with dichloromethane, washed with 
water, dried over sodium sulfate, filtered, and evaporated. A vacuum distillation at 
50-51°C at approximately 1 mmHg gave d-methyll-(N,N-dimethylamino)diazen-l-
ium-l,2-diolate as a colorless liquid: lH NMR 83.0 (s, 6 H), 4.01 (s, 3H); 13C NMR 8 
42.89,60.85; UV (water) Âmax (f:) 234 nm (6.8 mM-l cm-l). 
2.3.2 Computational Details 
Computations were carried out at the restricted Hartree-Fock (RHF), density 
functional theory (DFT), and second-order M0ller-Plesset (MP2) levels oftheory?3,24 
DFT calculations used the hybrid B3L YP functiona1. 25 We have used the aug-cc-
p VDZ basis set in all cases, as this basis contains diffuse functions which allow for 
more reliable electronic descriptions of anions and e1ectron-rich species.26 Only 
spherical components of the Cartesian d functions were used. Vibrational frequencies 
were calculated for the optimized structures (VII) and (VIII) along with their Raman 
intensities. 
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2.3.3 Vibrational Spectroscopy 
Raman spectra were recorded as neat samples on glass slides using a laser 
intensity of 400 m W. Multiple scan and signal averaged spectra were collected on a 
Kaiser Raman spectrometer. Infrared spectra were collected in potassium bromide 
windows, on a Perkin-Elmer Model MBI00 Fourier-transform infrared (FT-IR) 
spectrometer at 1 cm-1 resolution. In aIl cases data processing was done using 
Grams/32 package from Galactic Industries Corporation. 
2.4 Spectroscopie Results 
2.4.1 Vibrational Spectroscopy 
Given the fact that only five trans diazeniumdiolates have been observed, the 
simplest nitrogen bound diazeniumdiolate, 0 2_ methyll - (N, N-dimethylamino) 
diazen-l-ium-l, 2-diolate [Me2NN(O)=NOMe], was examined in the hopes of 
obtaining spectroscopic evidence of the presence of the elusive trans isomer, or to 
ascertain an upper limit of its apparently low concentration. Characterization of this 
compound was achieved using both Raman and infrared spectroscopy. Previous 
reports have noted that only the cis isomer is observed for acyclic nitrogen bound 
diazeniumdiolates?O To date, vibrational spectroscopie information for 
diazeniumdiolate anions (V) and (VII) has been reported?l The experimentally 
observed values (FT-Raman and IR), along with the relative intensities of the bands 
are compared to the calculated frequencies and are presented in Tables 1-6. 
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Table 1. Raman calculated and experimental vibrational frequencies (347 - 591 cm"l) 
Assigned calculated calculated Raman Raman(ciS) Raman(tranS) 
vib. mode (cis) (trans) ex pt. Ilcalc. "expt. Ilcalc. "expt. 
Vit 347.2 W 
VIC 353.7 W 353.6 m 0.1 
V2e 380.0 W 382.7 s 2.7 
V3e. V2t 387.3 W 387.7 w 
V3t 420.9 W 414.3 w 6.6 
V4e 439.1 W 434.3 m 4.8 
* 
524.5 W 
V5e. V4t 552.9 W 555.8 w 546.2 w 6.7 9.6 
V6e 591.2 W 586.1 m 5.1 
AlI frequencies are in cm"' with relative intensities given as w (weak), m (medium), or s (strong) . 
• Not observed. 
Table 2. Raman calculated and experimental vibrational frequencies (665 -1573 cm"l) 
Assigned calculated calculated Raman Raman(ciS) Raman(tranS) 
vib. mode (cis) (trans) expt. Ilcalc. "expt. Ilcalc."expt. 
* 665.9 w 675.5 w 9.6 
V7e. V5t 688.3 W 691.2 w 690.7 w 2.4 2.9 
V6t 764.1 W 
/"""-
883.4 866.1 17.3 Vse W m 
V7t 946.3 w 
Vge 973.3 W 952.1 w 21.2 
VBt 1001.9 W 
VIOC 1030.6 m 1005.7 s 24.9 
* 1028.8 W 
VlIe. V9t 1045.8 W 1040.7 w 1035.1 w 10.7 5.6 
* 1054.3 m 
Vlot 1064.2 W 
V12e, V11t 1097.4 W 1100.7 w 1107.0 w 9.6 6.3 
V13c 1106.7 W 1115.1 w 8.4 
V14e. V12t 1149.7 W 1150.4 w 1141.7 m 8.0 8.7 
V15e. V13t 1156.1 W 1158.3 w 1158.2 2.1 0.1 
V14t 1195.8 W 1197.8 2.0 
V16C 1213.1 W 
V15t 1231.6 W 1223.5 m 8.1 
V17e, V16t 1255.9 W 1255.9 w 1259.6 m 3,7 3,7 
VISe 1270.2 W 
V19C 1295.3 S 
V17t 1352.2 m 1349.6 m 2.6 
/" 
* 
1364.0 m 
* 1373.9 m 
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r-
V20c, V18t 1410.3 W 1413.6 w 1402.8 m 7.5 10.8 
V21e. V191 1435.9 W 1437.6 w 1435.0 m 0.9 2.6 
V22e, V201 1445.6 W 1447.9 W 
V23e, V211 1451.9 W 1450.0 w 1449.8 m 2.1 0.2 
V24C, V221 1456.0 W 1454.2 W 
V25e. V231 1470.6 W 1469.4 W 
V26e 1472.9 W 
V27e. V241 1474.9 W 1475.3 w 
V251 1478.6 W 
V261 1488.5 W 
V28C 1493.0 W 1493.6 w 0.6 
* 1497.9 w 
V271 1546.0 m 
V29C 1573.1 m 
AlI frequencies are in cm- l with relative intensities given as w (weak), m (medium), or s (strong). 
* Not observed_ 
Table 3. Raman calculated and experimental vibration al frequencies (2900 - 3286 cm-1) 
Assigned 
calculated calculated 
Raman Raman(ciS) Acale.- Raman(lranS) "cale.-
vib. mode 
(cis) (trans) 
expt. expt. expl. 
V30C 2900.1 S 2793.2 W 
V3Ie. V281 3005.9 S 3000.0 s 2829.3 W 
V32e. V291 3026.0 S 3029.0 s 2835.3 w 
V301 3033.9 S 
V33C 3099.0 S 2844.9 w 
V311 3109.5 m 
V34e. V321 3110.0 S 3110.7 m 2882.0 W 
V35e. V331 3118.1 S 3113.1 s 2911.2 W 
V36e. V341 3152.8 S 3152.7 m 2949.7 W 
V37e. V351 3159.6 m 3158.5 m 2981.2 w 
V361 3173.7 m 
V38C 3185.6 m 2990.4 w 
AH frequencies are in cm- I with relative intensities given as w (weak), m (medium), or s (strong). 
* Not observed. 
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;"'-~" Table 4. IR calculated and experimental vibrational frequencies 347 - 591 cm-1) 
Assigned calculated calculated 
IR expt. IR(eis) IR(trans) 
vib. Mode (eis) (trans) Aeale. -exp\. Acale.-exp\. 
VII 347.2 W 
Vic 353.7 W 
V2e 380.0 W 
V3e. V21 387.3 W 387.7 w 
V31 420.9 W 
V4e 439.1 m 
* 532.0 w 
VSe. V41 552.9 m 555.8 w 548.7 m 4.2 7.1 
V6e 591.2 W 585.6 w 5.6 
AlI frequencies are in cm- I with relative intensities given as w (weak), m (medium), or s (strong). 
• Not observed. 
Table 5. IR calculated and experimental vibrational frequencies (665 - 1573 cm-1) 
Assigned calculated calculated 
IR expt. IR(CiS) IR(trans) 
vib. Mode (eis) (trans) Aealc.-exp\. Acale. -exp\. 
* 
665.9 m 676.1 m 10.2 
V7e, VSt 688.3 w 691.2 w 
V61 764.1 m 
/~. 
Vse 883.4 W 865.6 m 17.8 
V7t 946.3 m 951.7 5 5.4 
Vge 973.3 5 
* 
VBt 1001.9 5 1003.8 5 1.9 
VIOC 1030.6 m 
VlIe. V91 1045.8 5 1040.7 m 1057.4 5 11.6 16.7 
V10t 1064.2 5 
* 
VI2e, V11t 1097.4 5 1100.7 w 
V13C 1106.7 W 
V14e. V12t 1149.7 m 1150.4 m 1141.0 m 8.7 9.4 
Vise. V13t 1156.1 W 1158.3 w 
V14t 1195.8 m 1197.3 w 1.5 
* 
V16C 1213.1 W 
V15t 1231.6 W 
Vt7e. V161 1255.9 W 1255.9 W 
VI8e 1270.2 m 1222.9 m 47.3 
VIge 1295.3 5 1260.2 5 35.1 
* 
V17t 1352.2 5 1314.4 vw 
* 
V20e. V1Bt 1410.3 W 1413.6 w 1400.0 m 10.3 13.6 
V21e. V19t 1435.9 W 1437.6 W 
V22e. V20t 1445.6 W 1447.9 w 1452.6 m 
V23e. V21t 1451.9 m 1450.0 w 1458.2 m 6.3 8.2 
V24e. V22t 1456.0 5 1454.2 w 1473.3 m 17.3 19.1 
~-. V25e. V23t 1470.6 m 1469.4 w 1473.3 m 2.7 3.9 
V26e 1472.9 5 1497.0 5 24.1 
V27e, V24t 1474.9 m 1475.3 w 1499.6 5 24.7 24.3 
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r--
1493.0 m 
V2ge 1573.1 m 
1478.6 
1488.5 
1546.0 
w 
m 
s 
14.3 
1507.3 s 38.7 
AlI frequencies are in cm- with relative intensities given as w (weak), m (medium), or s (strong) . 
• Not observed. 
Table 6. IR calculated and experimental vibrational frequencies (2900 - 3286 cm-1) 
Assigned calculated calculated IR expt. IR(cis) IR(trans) 
vib. Mode (cis) (trans) Acalc.-expt. Acalc. -expt. 
V30C 2900.1 m 
V3!e, V28t 3005.9 m 3000.0 s 2724.4 m 
V32e. V29t 3026.0 S 3029.0 s 2786.0 m 
V30t 3033.9 S 
V33e 3099.0 m 2812.6 m 
V31t 3109.5 W 
V34C, V32t 3110.0 W 3110.7 m 2829.9 m 
V3Se. V33! 3118.1 m 3113.1 m 2877.3 m 
V36e. V34! 3152.8 W 3152.7 w 2906.9 m 
V37e, V3S! 3159.6 W 3158.5 w 2945.7 m 
V3S! 3173.7 W 
V38e 3185.6 W 2981.9 m 
AlI frequencies are in cm- I with relative intensities given as w (weak), m (medium), or s (strong) . 
• Not observed. 
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550 100 
Figure 7. IR (A) and Raman(B) spectra of compound 
VII and VIII between 425 and 725 cm·1 
1000 1* 1400 
Wavelengtb (cm"·) 
Figure 8. IR (A) and Raman (B) spectra of compound VII and VIII between 
775 and 1700 cm-I . Arrows in the IR spectrum refers to the two integrated bands 
used to determine the relative amount ofE to Z (see discussion). 
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3_ 
\VlveJeultb (em~l) 
Figure 9. IR (A) and Raman (B) spectra of compound VII 
and VIII between 2600 and 3240 cm-I 
2.4.1.1 Band and Isomer Assignments 
As ean be seen in Figures 7 and 8 the IR and Raman speetra eorrelate quite weIl. 
Due to limitations of the IR speetrometer, band assignments are obtained for frequencies 
above 600em- l , with the bold line in Figure 1 indieating the IR eut-off. The experimental 
frequeneies also agree quite c10sely with the predieted DFT and MP2 vibrational 
frequencies. AU band assignments in Tables 1-6 are based on the relative band energy 
and the ealeulated relative Raman and infrared intensities. Previously, it has been 
reported that nitrogen bound diazeniumdiolates have strong eoupling of the vibrational 
modes the O-N-N-O framework.2l This remains true for d- methyll - (N, N-
dimethylamino) diazen-l-ium-l, 2-diolate (VII). Important vibrational modes attributed 
to deformations ofthe O-N-N-O framework are ealeulated (DFT) to be at 1295.3 em- l 
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and 1352.2 cm- l for the cis and trans isomers respectively. These modes are illustrated in 
the atomic displacement vector diagrams shown in Figure 10. 
Figure 10. DFT-caIculated -O-N=N-O framework modes for Z (top) and E (bottom) 
d -methyl-1-(N,N-dimethylamino )diazen-1-ium-1,2-diolate. Displacement vectors for 
strong IR and Raman bands at 1295.3 and 1352.2 cm-l, respectively, are shown. 
Raman and infrared spectra (Figure 8) show evidence of these deformations, with 
both the Raman and IR exhibiting a strong intensity band at 1260.2 cm- l and a medium 
intensity band at 1222.9 cm- l . In Table 5 there are two bands in this region of medium 
and strong intensity at 1295.3, 1270.2 for the cis isomer. The weak Raman band located 
at 1314.4 cm- l most likely represents the trans isomer deformation calculated to appear at 
1352.2 cm- l . The shi ft to lower frequency of the trans band to 1314 cm- l from the 
61 
calculated 1352.2 cm-lis expected, as there was a 30-40 cm-l shift observed for the cis 
lsomer. 
Albeit weak, the appearance of this band in the Raman, along with the above-
mentioned bands in the infrared spectra, suggests that the trans isomer might be detected 
using vibrational spectroscopy. To gain insight in the relative concentrations of the two 
isomers present in the isolated material, integrated band intensities may be utilized 
assuming that their extinction coefficients are similar. Calculations for the gas phase 
suggests that these modes do have similar intensities, 87.0 km/mol and 87.6 km/mol for 
the cis and trans isomers respectively,27 therefore peak intensity may be used as an 
approximation of relative isomer concentration. Previous attempts to estimate the 
proportion of Z and E isomer in a sample of Me2NN(O)=NOMe, by IH NMR 
spectroscopy proved to be inconclusive, and it was found that if the E isomer was present 
it must represent < 1 % ofthe tota1.20 Integration ofthe bands at 1260.2 and 1314.4 cm-l 
in the IR, suggests that the concentration oftrans isomer is 1/200 that of the cis 
diazeniumdiolate. The small quantity of E isomer present in the sample illustrates the 
necessity of utilizing vibrational spectroscopy as a me ans of isomer identification 
compared to other quantitative methods, as it is a highly sensitive technique. 
2.4.1.2 C-H Stretching Region 
As shown in Figure 9 and Tables 3 and 6, the theoretical calculations for Raman 
and infrared active C-H modes correlate well to experimental results, with the exception 
of the high frequency region. This region is attributed to C-H stretching vibrations and in 
both the Raman and infrared the calculated energies are higher than what is observed 
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experimentaUy. This overestimation of the harmonie vibrational frequencies by ab initio 
methods is weU known?7 A scaling factor of 0.9614 has been suggested by Radom for 
frequencies calculated at the B3L YP/6-31 * level28 and application ofthis factor greatly 
improves the agreement between the theoretical and experimental results. Despite the 
difference in ca1culated and experimental frequencies, the Raman-active stretching modes 
paraUel the infrared-active bands in position however differ in intensity. These bands are 
aU weak in the Raman and medium intensity in the infrared. 
2.5 Conclusions 
Spectroscopic evidence of the elusive E isomer was achieved using both Raman 
and infrared, with the results for Me2NN(O)=NOMe indicating that if the E isomer is 
present it represents <0.002% ofthe total composition. This value is obtained as 
integration of the peaks with the assumption that the area surrounding the band at 1314 
cm- I was not due solely to the presence of a single vibrational mode, but rather was a 
superposition of multiple vibrational bands (as indicated by the Raman spectrum). 
Therefore integration ofthis peak represents an upper limit ofthe E isomer. This 
detection limit is lower than that achieved using IH NMR spectroscopy. The inability to 
prepare the E isomer of Me2NN(O)=NOMe directly is the main disadvantage in 
ascertaining with certainty the band assignments in the vibrational spectra. 
The observed conformational preference for the Z isomer is one of the 
fundamental problems ofnitric oxide chemistry. The manner in which nitric oxide reacts 
with nucleophiles is still unclear. Does the reaction involve dimerization oftwo 
molecules of NO, or rather the step-wise addition of NO to the nucleophile? The reaction 
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of nitric oxide with amines, as in the present case, shows a stereoselectivity for the Z 
isomer. The reason for this stereochemical preference appears to be kinetic rather than 
thermodynamic control. This is demonstrated by calculations for the gas phase energies 
for the Z and E isomers of Me2NN(O)=NOMe which predict a difference in energy of 
only 5.9 kcal/mol,27 with a barrier of rotation for the interconversion of 37.8 kcal/mol.20 
37.8 kcal/mol 
31.9 kcal/mol 
5.9 kCal/m0r················· 
z E 
Figure 11. Energy profile for the d-methyl-l-(N,N-dimethylamino) 
diazen-l-ium-l,2-diolate obtained from DFT calculations at 
the B3LYP/aug-cc-pVDZ level. 
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The stereoselectivity of the nitrogen-bound diazeniumdiolates may be rationalized 
in terms of the stereochemical preference of the nitric oxide dimer. Theoretical and 
experimental studies have shown that the Z isomer of the NO dimer is the most stable, 7-9 
and therefore it could be envisaged that the reaction of cis-ONNO with a nucleophile 
could result in a product the maintains the stereochemistry. In this work, the 
stereochemical selectivity of these reactions has been further highlighted and it is clear 
that understanding the chemistry of nitric oxide and its dimer remains challenge. 
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3. Investigating Mechanism: Radical Anion Intermediate 
3.1 Formation of N- Bound Diazeniumdiolates 
Although the formation of amine derivative (N- bound) diazeniumdiolates 
(NONOates) has been known for many years, the overall reaction is superficially 
understood and the mechanism remains obscure. The lack of understanding in the 
formation of these compounds can be exemplified by factors such as the observed 
stereochemical preference for the cis configuration which is not clearly known, as 
weIl as the fact that not aIl amines can be used to make diazeniurndiolates. In fact, 
efforts to prepare these anions from primary and branched amines often lead to the 
formation of unstable products and in sorne cases no product. Literature pertaining to 
diazeniurndiolate chemistry suggests two possible mechanisms for their formation 
(Scheme 1 ).1 One mechanism involves the formation of a nitric oxide dimer followed 
by reaction with a nucleophile, while the other involves the condensation of nitric 
oxide with a radical intermediate. 
Pre-dimerization Mechanism (A): 
- + 
R2NFN20 2+ R2NH---" R2NN20 2 + R2NH2 (3) 
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Radical Mechanism (B): 
Scheme 1: Possible mechanisms of N-diazeniumdiolate formation 
While many attempts to elucidate the mechanism of this reaction have been 
reported, no conclusive kinetic evidence has been presented.1 Ford et al.2 have 
studied a similar reaction, and examined the kinetics and mechanism of the oxidation 
oftriphenylphosphine by nitric oxide to triphenylphosphine oxide and nitrous oxide. 
By using 31p NMR spectroscopy to follow the kinetics, Ford determined the rate law 
was second order in NO and unimolecular in triphenylphosphine (Equation 7). 
Two possible mechanisms for the oxidation were suggested, similar to the 
mechanisms above proposed by Drago (Scheme 2). 
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Direct Oxidation (C): 
Stepwise NO Addition (D) 
Ph3P + NO ~ Ph3PNO (10) 
Ph3PNO + NO ~ Ph3PFONo- (11) 
(12) 
Scheme 2: Possible mechanisms for the oxidation of triphenylphosphine by NO. 
Following the mechanisms proposed by Drago, the involvement of the nitric 
oxide dimer is suggested as an initial step for a direct oxidation process, followed by 
oxygen atom transfer from the dimer to triphenylphosphine. In the stepwise NO 
addition mechanism Ford postulates that the reaction follows the stepwise addition of 
nitric oxide to nucleophile (triphenylphosphine), resulting in the formation of the 
adduct Ph3PN20 2 . This is followed by the unimolecular oxygen transfer from 
nitrogen to phosphorus in the final step. Both mechanisms conform to the observed 
rate law, if either the NO dimerization step or the Ph3PNO adduct form rapidly and 
reversibly. In either mechanism the second step becomes rate determining. Ford 
observed an acceleration in the oxidation reaction in the presence of polar solvents, as 
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weIl as a dependence on phosphine basicity. This led him to conclude that the 
mechanism involving a phosphonium diazeniumdiolate intermediate Ph3PN20 2, 
(analogous to mechanism B, involving R2NHN20 2, was most likely correct. 
In order to gain conclusive evidence about the mechanism ofN- bound 
diazeniumdiolate formation, these compounds were prepared by different 
methodologies than those previously reported. The mechanism involving the 
formation of a nitrosamine radical intermediate was investigated by directly 
synthesizing a radical anion species known in the literature, condensing it with nitric 
oxide and examining the resulting products. Radical formation and identification is 
determined through the use of electron paramagnetic resonance (EPR) spectroscopy, 
while product identification is established utilizing various spectroscopic methods, 
such as NMR, IR and UV. 
3.2 N-Nitrosamines 
3.2.1 Formation and Stereochemistry 
Much of the interest in the chemistry ofN-nitrosamines (Figure 1) is 
attributed to the fact that these carcinogenic compounds are found in tobacco smoke 
and are formed in the reaction of nitrites with amines. Nitrosation chemistry of 
amines to form N-nitrosamines is a common and weIl studied reaction in organic 
synthesis. Nitrosating agents such as alkyl nitrites, nitrosothiols and nitrogen oxides 
among others have been used to nitrosylate amines? Typically nitrous acid, formed 
from the reaction of sodium nitrite and mineraI acid in water or mixed alcohol-water 
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solvents is used as a nitrosation agent.4 The use of Fremy's salt, N-haloamides, and 
inorganic acidic salts and sodium nitrite has also been used.5,6 
( ) 
Figure 1: Isomerization of N-nitrosamines 
N-nitrosamines are of importance in organic chemistry due to the reactivity of 
the nitroso functionality. Nitrosamines are very reactive and can be used in the 
synthesis of diazo-derivatives, dialkylhydrazines and nitramines to name a few 
examples.7 These compounds are of considerable interest to many due to their 
mutagenic and carcinogenic properties.8,9 
Nitrosamines can exist in both the cis and trans geometries (Figure 1), with 
the barrier of rotation about the N-N bond estimated to be approximately 24 
kcal/mole. lO,ll Hindered rotation about this N-N bond leads to the appearance ofboth 
the cis and trans isomers in the 1 H NMR spectrum. The cis and trans assignment has 
been investigated by many researchers and there is still some debate concerning 
isomer assignment. It has been shown for several nitrosamines that protons will 
resonate at lower magnetic fields when cis rather than when trans to the nitroso 
oxygen.12 However, sorne researchers report that the downfield set of signaIs 
corresponds to the trans isomer rather than the cis, and the basis for this assignment is 
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greater screening of the cis protons owing to the diamagnetic anisotropy of the N=O 
bond. 13 
3.2.2 N-Nitrosamine Radical Anions 
The reduction of nitrosamines to their anion radicals has been reported by 
Stevenson (Equation 13).14,15 Nitrosamines are reduced using potassium (K) or 
sodium (Na) metal at low temperature in tetrahydrofuran (THF), dimethoxyethane 
(DME) or hexamethylphosphoramide (HMPA), and the resulting reactive but stable 
radical anion can be detected by electron paramagnetic resonance (EPR) 
spectroscopy. 
Formation of the anion radical can be seen visually by the formation of a 
yellow colored anion radical solution. 14-16 In addition, electron paramagnetic 
resonance (EPR) spectroscopy may be used as a tool to directly observe the radical 
anion. Ab initio spin density calculations for the odd electron present in these 
reactions was experimentally and theoretically found to reside predominantly on the 
nitroso nitrogen. 14 
(13) 
The observation that sorne nitrosamines may be reduced to nitrosamine radical 
anions led to the hypothesis that these radical anions could be used to determine 
which mechanism is involved in the formation ofN-dialkyldiazeniumdiolates. These 
anions are important because they correspond to the deprotonated intermediate in 
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.r-. Equation 5. We sought to test the hypothesis that ifthese radicals are intermediates 
then they should rapidly and stereoselectively add nitric oxide to give the stable 
diazeniurndiolate if mechanism B is correct. 
.. ~G_", ~ 
1 ~ 1 
Figure 2. EPR spectrum of diethylnitrosamine reduced by potassium 
in DME at low temperature. The line width of the center line is 0.28 G.14 
Figure 2 shows an EPR spectrum for the diethylnitrosamine radical anion 
produced from the reduction of diethylnitrosamine in dimethoxyethane at -70°C. At 
low temperatures aIl of the nitrosamine radical anions studied by Stevenson gave a 9 
line epr spectrum for the monomer radical anion along with evidence of the presence 
of anionic polymer. 15 Experimentally it was shown that as the temperature increased, 
the polymer concentration decreased and the monomer radical anion concentration 
increased. The tendency of polymerization for the nitrosamine radical anions studied 
by Stevenson was in the order of: I>V>II>IV>III (Figure 3).15 It was determined 
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that steric influences was not the only factor affecting the ability of the nitrosamine 
radical to polymerize, due to the observation that IV polymerized faster than III. The 
acidity of the a protons of the nitrosamine proved to be important, as the order of 
polymerization is the same as the order of the acidity of the a protons. 15 
/ (0 Yo ___ N 
'" ~o (N'-/ -(N'-/ N 
(I) (II) (III) 
A O,~o f'~O N 
(V) 
(IV) 
CX:t~o 
(VI) (VII) 
Figure 3. N-nitrosamines investigated by Stevenson in the 
preparation of nitrosamine radical anions15 
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In an attempt to conclusively determine which mechanism (A) or (B) accounts 
for the formation ofN-diazeniumdiolates, nitrosamine radical anions were prepared 
and condensed with nitric oxide in the hopes of obtaining this desired product. 
3.3 Experimental 
3.3.1 Preparation of Dia/ky/nitrosamine 
Dialkylnitrosamines used in aIl experiments were prepared using the 
procedure of Zolfigol et a/. 17 A suspension of sodium nitrite (0.62g, 0.010 mol), solid 
iodic acid (1.76g, 0.010 mol), dipropylamine (0.70 mL, 0.005 mol) and wet Si02 
(1.00g) in 10 mL dichloromethane was stirred magnetically at room temperature for 1 
hour. The progress of the reaction was monitored by thin-layer chromatography 
(CH2Clz: ethylacetate 10: 1). During the reaction the suspension turned from white to 
dark yellow. The residue was washed with dichloromethane (2x5 mL) and dried over 
Na2S04 for 20 minutes. The solvent was then evaporated and the dark yellow 
nitrosamine obtained. In aIl cases the yield was nearly quantitative. 
3.3.2 Attempted Synthesis of Diazeniumdiolates from N-Nitrosamines 
Under nitrogen potassium metal 0.0117 - 0.1170g (3.0x10·4 - 3.0x10·3 mol), 
elemental sodium or Na/K alloy were placed in a Fischer Porter vessel equipped with 
a magnetic stirbar. To this 1-4mL of dry solvent (THF, toluene or hexane) was added 
and the vessel sealed under nitrogen. The vessel and its contents were then cooled -
78°C and then 0.3mL-0.75mL dialkylnitrosamine (flushed with nitrogen) was added 
to the reaction vesse! via a glass syringe through a rubber septum. Nitric oxide (20-
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50 p.s.i., 1.4-3.4 atm.) was then introduced into the vessel via stainless steel fittings 
and Teflon tubing. The mixture was stirred at -78°C initially and then left to warm 
back up to room temperature during the course of the reaction. 
Upon the completion of the reaction excess nitric oxide was vented and the 
reaction vessel flushed with nitrogen. The material in the vessel was then filtered and 
washed with diethylether and placed in the vacuum oven to dry ovemight at room 
temperature. Samples were then analyzed using Nuclear Magnetic Resonance 
(NMR), Ultraviolet-Visible (UV-Vis) and Infrared Spectroscopy (IR) spectroscopy. 
3.3.3 Preparation of N-Phenylhydroxylamine 
N-phenylhydroxylamine was prepared according to the procedure outlined by 
Tian et al. IS More specifically, a vigorously stirred mixture of nitrobenzene (4.2mL, 
5.05g, 0.04mol), NHtCI (2.4998g, 0.05mol) and water (80mL) was maintained below 
60°C (50-53°C actual temp.), while Zn dust was added (5.9004g, 0.09mol) in small 
portions during the course of 15 minutes. The reaction mixture was stirred for 15 
min. after the addition of Zn was complete. The mixture was filtered while still warm 
and the filter cake washed with hot water (20mL). The filtrate and washings were 
combined and saturated with NaCI (29g) and cooled to O°C for 30 minutes. The 
yellow, thin-long needles that crystallized out of solution were then re-crystallized 
from pet.ether-hexane. The yellow crystals were then collected and placed in the 
glovebox in a sealed container. Wet yield 81 %. IH NMR (CDCh):ù 3.36 (br, s), 
6.97-7.04 (3H, m), 7.26-7.31 (2H, m) IR (KBr disk, cm-I): 692.2 (s), 748.5 (s), 795.1 
(s), 897.5 (m), 925.6 (m), 1958.5 (m), 1088.3 (m), 1420.9 (m), 1470.4 (s), 1494.3 (s), 
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1519.7 (m), 1592.6 (m), 1602.5 (m), 2814.4 (s), 2844.1 (s), 3129.95 (br,m), 3245.5 
(s) UV (CHCh): Âmax= 245nm and 279 nm. 
3.3.4 Preparation of Nitrosobenzene Radical Anion 
Nitrosobenzene radical anion was prepared using a modified preparation of 
that described by Becker and Stemson,z° To a small Fischer Porter vessel equipped 
with a magnetic stirbar, nitrosobenzene (0.02-0.05g; 2.0-5.0x10-4mol) and N-
phenylhydroxylamine (0.10-0.13g) were added. The reaction vessel was evacuated 
and flushed with N2(g) and then 3mL of dry DMSO was added along with 2mL of lM 
KOtBu in tBuOH solution. The vessel was flushed with nitrogen once more and then 
50 p.s.i. of NO(g) was introduced at room temperature. Upon completion of the 
reaction (18-24h), excess NO was vented and the vesse1 flushed with nitrogen. The 
resulting precipitate was filtered, washed with ether and dried in the vacuum oven 
ovemight. (See following results and discussion for analysis results) 
3.4 Results and Discussion 
3.4.1 Reaction of Nitrosamine Radical Anions with Nitric Oxide 
The preparation of nitrogen-bound diazeniumdiolates directly from radical 
anion intermediates is shown in Scheme 3. In this hypothetical example 
dipropylnitrosamine (VIII) is reduced with an alkali metal to afford a radical anion 
(VIV). This radical anion is then immediate1y condensed with nitric oxide and 
dipropyldiazeniumdiolate anion (X) as the sodium or potassium salt is produced. 
78 
Solvent/Metal 
~ NO ~ ( 0-
f N'N/ M+ ~_O­N (X) 
Scheme 3. Hypothetical preparation of dialkyldiazeniumdiolate from the radical anion. 
The experimental conditions used to generate dialkylnitrosoamine radical 
anions are presented in Table 1. 
Table 1: Experimental conditions for dialkylnitrosamine radical anion-NO reactions 
Reaction Pressure Length of Yield (%) Nitrosamine Solvent Metal Temperature Reaction of recovered No. (p.s.i.) (hours) materiala 
1 Diethyl THF K -78°C atmospheric 2 
2 DiethyJ THF K -78°C (4h) ~ R.T. 20 18 
3 Diethyl THF NaIK RT. 20 18 
4 Diisopropyl Toluene Na RT. 50 24 54 
5 Dipropyl Hexane Na RT. 20 16 58 
6 DipropyJ Hexane Na RT. 50 22 35 
7 DipropyJ Toluene Na/Hg O°C (4h) ~ RT. 30 18 33 
a Based on nitrosamine. 
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Table 2: NMR, UV and IR data for dialkylnitrosamine radical anion-NO reactions 
Reaction No. 
IHNMR UV IR Identity of product (NaOD/DzO, p.p.m.) (NaOH, nm) (KBr, cm,1) 
0.92,0.94,0.95 (3H,t); 
1.19,1.21,1,23 (3H,t); 
3.50,3.51,3.53,3.55 230 Diethylnitrosamine 
(2H,q); 3.95, 3.97, 3.98, 
4.00 (2H,q) 
0.77 - 0.84 (m); 0.88-
0.92 (m); 2.36-2.40 (m); 670 (w), 836 (w),1261 
2 2.72-2.78 (m) 252 br (s), 1384 (s), 1452 (s), Contains nitrite In addition to many 1623 (m), 1668 (m), +? 
singlets (1.77 - 3.43 3433 (br, m) 
p.p.m.) 
3 No proton resonances 230,254 br 827 (m), 1258 (s), 1384 SodiumIPotassium nitrite (s), 1610 (m) +? 
626 (m), 690 (m), 803 
0.96,0.97 (d); 1.06, 1.07 (m), 827 (m), 1023 (m), 
(d), 3.42-3.45 (m), 3.80- 1049 (m), 1100 (m), contains nitrite + ? 
4 3.84 (m), 7.36-7.38 (m), 227,255 br 1137 (m), 1262 (s), 1368 11.6%C, 1.6%H, 7.61-7.70 (m) (m), 1425 (m), 1446 (m), 13.8%N" 
In addition to many 1638 (m,) 2198 (w), 2243 
singlets (w) 2856 (w), 2925 (w), 
2962 (m), 3435 (br) 
880 (m), 896 (m), 958 
0.69-0.73, 1.41-1.50 (m), (m), 1087 (m),1116 (m), 
3.36-3.41 (t) 1178 (br,m), 1178 (m), Contains nitrite + ? 5 In addition to many 252 br 1235 (m), 1255 (m), 15%C, 3.4%H, 9.4%Na 1460 (s), 1614 (br, m), 
multiplets and singlets 2876 (w), 2936 (m), 
2965 (m), 3419 (br) 
881 (m), 896 (m), 948 
0.68-0.70, 1.36-1.45 (m), (m), 1015(w)l111 (m), 
6 3.31-3.36 (t) 252 br 1178 (s), 1244 (s), 1260 Contains nitrite + ? In addition to many (s), 1435 (s), 1459 (s), 23%C, 5%H, 15%Na 
multiplets and singlets 1613 (s), 2876 (m), 2937 
(m), 2966 (s), 3426 (br) 
880 (m), 946 (m), 1113 
0.66-0.71 (t), 1.36-1.46 (m), 1246 (m), 1261 (s), 
7 (m), 3.34-3.39 (t) 253 br 1384 (s), 1458 (s), 1611 Contains nitrite + ? In addition to many (s), 2177 (w), 2876 (m), 
mutliplets and singlets 2937 (m), 2965 (m), 
3404 (br) 
a Values given in percentage are obtained from e1emental analysis of the heterogeneous mixture. 
In Tables 1 and 2 the experimental conditions, and observations are presented. 
Different reaction temperatures, solvent and nitrosamines were used in the attempt to 
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find the ideal conditions necessary to synthesize N- bound dialkyldiazeniumdiolate. 
Diethylnitrosamine was used initially in the reduction reactions at low temperature 
(-78°C) and room temperature in the hopes of generating the diethylnitrosamine 
radical anion. The resulting radical anion which was determined by the characteristic 
color change from amber (diethylnitrosamine) to yellow (diethylnitrosamine radical 
anion solution) was then condensed with nitric oxide. The amount of nitrosamine 
radical anion formed in these reactions was not determined, as the radical anions were 
prepared in situ during the reaction. In the first trial, NO(g) was bubbled in at -78°C 
for a couple ofhours, resulting in no product being formed and the recovery of the 
nitrosamine starting material, which was confirmed by the proton NMR spectra. The 
use ofhigher NO(g) pressures and allowing the reaction to proceed at room 
temperature, resulted in the formation of a light orange precipitate. This precipitate 
when examined by IH NMR shows, in addition to two ethyl groups, many singlets 
and unexplained signaIs. The presence of the diethyl groups indicate that the ethyl 
group of the starting nitrosamine remains intact and was not altered in any way during 
reaction with NO(g). Upon completion of the initial reactions involving K metal, 
small pieces ofunreacted/oxidized metal remained. In order to circumvent this 
problem of oxidation of the metal surface, Na/K alloy was used. The use of the NaIK 
alloy provides a clean surface, thereby allowing for a more complete reduction of the 
nitrosamine. When NaiK alloy was used however, instead of preparing the desired 
diazeniumdiolate, sodium/potassium nitrite was formed in addition to a species that 
absorbs in the UV at 254 nm. This species may contain the N202- framework as this 
is the region in which diazeniumdiolates absorb.21 The identity of the compound 
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could not be determined, however lH NMR analysis of the sample revealed that it is 
devoid of proton resonances. Unfortunately there was not enough sample to obtain a 
carbon NMR spectrum, however the relatively few bands in the infrared spectrum 
suggests that it is most likely a simple salt. Although the identity of this white 
precipitate is not clear, sodium salts such as sodium hyponitrite (Na2N202) or sodium 
oxyhyponitrite (Na2N203) can be ruled out, as these compounds have characteristic 
UV bands centered at 248 nm and 250 nm respectively,22,23 which is significantly 
different than the value of254-255 nm obtained in these experiments. 
The presence of the many unexplained resonances in the proton spectra for the 
reactions involving potassium in THF are of concem and it was believed that they 
may be due to the reaction of nitric oxide with THF. Literature on the chemistry of 
nitric oxide with various organic solvents does not mention this reaction, so in order 
to test this hypothesis the reduction of dialkylnitrosamines were done in other organic 
solvents such as toluene and hexane. 
Further investigation on this type of reaction was done using 
diisopropylnitrosamine and dipropylnitrosamine. This change in starting reagent was 
implemented as a result of the observations by Stevenson, who has shown that the 
tendency of the radical anion to "polymerize" is directly correlated to the acidity of 
the a proton of the nitrosamine.l 5 By choosing these nitrosamines it was hoped that 
the possibility of polymerization for the radical anion formed during the reduction 
would be diminished. In the diisopropylnitrosamine reactions toluene was used as the 
solvent. Once again, as in the previous case a light orange precipitate was formed. 
Diisopropyl resonances appear in the proton spectra, however similar to the THF 
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experiments, there are unexplained resonances in the spectra possibly due to nitric 
oxide's reaction with toluene. This is suggested by the appearance of aromatic 
resonances in the region of7.36-7.38 p.p.m. and 7.61-7.70 p.p.m., which seems to be 
a side-product of NO with toluene in the presence of strong reducing agents. 
The use of dipropylnitrosamine in hexane still had unexplained peaks present 
in the proton spectra, however their overaU intensity when compared to that of the 
major product appears to be less. Similar to the other reactions, the product ofthese 
reactions is a light orange precipitate. The IH NMR spectra for these reactions show 
that there is one major product, containing a propyl group. Unlike the starting 
nitrosamine which exhibits both cis and trans isomers in the proton spectrum, only 
one set of propyl resonances is observed, suggesting the presence of only one isomer. 
Comparison of the product formed with that of authentic sodium derivative of 
dipropyldiazeniumdiolate (Na-DP AlNO), prepared by the conventional NO 
condensation reaction with dipropylamine in the presence of sodium methoxide, 
shows that the product is not the desired diazeniumdiolate. The 1 H NMR chemical 
shifts for the authentic sodium salt occur at 0.65-0.70 p.p.m. (3H, t), 1.08-1.16 p.p.m. 
(2H, m) and 2.60-2.65 p.p.m. (2H, t). These chemical shift values are markedly 
different from those observed in reactions of dipropylnitrosamine with sodium metal 
and nitric oxide. 
AU of the se reactions products have similar infrared spectra, UV absorbance 
wavelengths and are very hygroscopie. Efforts to purify and separate the product 
results in its decomposition, as evidenced by the multitude of new peaks in the proton 
NMR spectrum. However, despite the numerous new resonances in the IH NMR 
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spectra, the appropriate alkyl group (i.e. ethyl, propyl, isopropyl) remains intact 
during the course of the reactions, as confirmed by two-dimensional NMR correlation 
spectroscopy (COSY). 
In summary attempts to synthesize N-dialkyldiazeniumdiolates directly from 
the reaction of nitrosamine radical anion with nitric oxide have proven ineffective. 
The absence of diazeniumdiolate resonances from NMR spectra suggest that the 
mechanism of dialkyldiazeniumdiolate formation may not involve a radical anion 
intermediate, favoring mechanism (A) (nitric oxide dimerization) as the correct one. 
However, due to the frequency ofunwanted side-reactions occurring in the synthetic 
strategies undertaken, the mechanism involving a radical intermediate (B) can not be 
conclusively ruled out. 
3.4.2 Reaction ofNitrosobenzene Radical Anions with Nitric Oxide 
Further investigations of the radical intermediate mechanism led to the 
preparation of an aryl radical anion, specifically nitrosobenzene radical anion. 
Cupferron, a carbon-bound diazeniumdiolate, is typically prepared from the 
nitrosation of phenylhydroxylamine with amyl nitrite/ammonia 24 or methyl 
nitrite/ammonia (Scheme 4) 25. The name Cupferron (XI) specifically refers to the 
ammonium salt, however its derivatives may be readily synthesized via metathesis 
reactions producing sodium and potassium derivatives. 
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Scheme 4. Preparation of Cupferron 
In order to explore the involvement of the radical anion intermediate in the 
preparation of diazeniumdiolates, nitrosobenzene radical anion was prepared and 
reacted with nitric oxide, in an attempt to make Cupferron as the potassium salt. 
Russell and Geels 26 have reported on the preparation of nitrosobenzene radical anion 
via the reaction of phenylhydroxylamine and nitrobenzene in the presence of 
potassium tert-butoxide and dimethylsulfoxide (Scheme 5). The reaction between 
nitrosobenzene and phenylhydroxylamine in alkali involves a one electron transfer 
followed by the formation of free radical species. The radical anion can be formed in 
<0.5 seconds and it has been shown to be stable for days in DMSO?6 Thus this 
strategy was used to prepare the radical anion, with the anticipation that a Cupferron 
derivative would be formed once reacted with nitric oxide (Scheme 6). 
a
NO 
1 + 
# a
NHOH 
1 KOtBu/tBu~H 2 0-' NO· K+ 
# DMSO __ 
Scheme 5. Preparation of nitrosobenzene radical anion from nitrobenzene and phenylhydroxylamine. 
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Scheme 6. HypotheticaI preparation of the potassium derivative of Cupferron. 
3.5 Product Analysis and Characterization 
Verification of the formation of nitrosobenzene radical was achieved using 
electron paramagnetic resonance (EPR) spectroscopy. The EPR spectrum of the 
radical anion is shown in Figure 4 obtained in dimethylsulfoxide (DMSO) at room 
temperature. The nitrosobenzene radical anion has restricted rotation around the 
aromatic ring and the nitrogen atom, resulting in magnetically nonequivalent ortho-
hydrogen atoms. In the EPR spectrum there is magnetic equivalence of one ortho-
hydrogen atom and a para- hydrogen atom. Literature hyperfine splitting constants 
for the radical anion are aN=10.l0, aolH= 4.02, apH = 4.02, ao2H = 3.65 and am H=1.29 
in ethanol at room temperature, 27 which is in agreement with the values obtained in 
this work. In addition to EPR, UV-Vis spectroscopy can be used as a method to 
detect the presence of the nitrosobenzene radical anion. The radical anion has 
absorptions at 320 nm and 550 nm, with the latter being quite weak due to its small 
extinction coefficient. UV-Vis analysis of the solution prepared from 
phenylhydroxylamine and nitrobenzene under anaerobic conditions (nitrogen) shows 
a strong absorbance at 318 nm. 
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Figure 4. Experimental EPR spectra of: Nitrosobenzene radical anion 
generated from 0.1 J.1M nitrosobenzene and phenylhydroxylamine in DMSO. 
Upon the addition of nitric oxide to the nitrosobenzene radical anion solution 
there was an immediate color change. The mixture which was initially deep 
red/purple became dark orange in color and within an hour an off-white precipitate 
was observed. Characterization of the precipitate by IH NMR spectroscopy revealed 
that it did not contain any aromatic resonances, and therefore the product was not the 
anticipated Cupferron derivative. Analysis of the filtrate by IH, 13C NMR and UV-
Vis spectroscopy however did reveal the presence of nitrosobenzene and 
azoxybenzene (XII), the latter being the known decomposition product of 
nitrosobenzene radical anion (Scheme 7)?6 
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Scheme 7. Formation ofazoxybenzene from nitrosobenzene radical anion. 
In alcoholic solutions nitrosobenzene radical anion undergoes protonation 
followed by the addition of another equivalent of radical anion to give an 
intermediate that can be protonated on either the nitrogen or oxygen (protonation of 
nitrogen shown in Scheme 7). The irreversible loss of hydroxide ion leads to the 
formation of azoxybenzene?6 The formation of azoxybenzene was also substantiated 
by infrared spectroscopy which showed the characteristic stretching frequencies at 
683.2 (s), 762.5 (s), 907.2 (m), 926.5 (m), 1024.2 (m), 1069.9 (m), 1163.1 (m), 
1275.4 (m), 1300.0 (m), 1329.2 (m), 1438.3 (s), 1473.5 (s), 1482.8 (s), 3067.2 (m), 
which are in agreement with literature values. 
The many attempts at preparing diazeniumdiolate directly through the 
condensation ofNO(g) with radical anion have proven ineffective and resulted in the 
formation of many products. However none of these products are observed in the 
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direct addition of nitric oxide to secondary amine, therefore if these intermediates are 
formed they must react rapidly with NO(g) to minimize their decomposition. Even 
with the minimal delay times between radical formation and NO(g) addition, no 
diazeniumdiolate is formed. The most compelling conclusion is that they are not 
formed in these reactions and thus that the radical intermediate is not a significant 
factor in the chemistry of diazeniumdiolates. Therefore the origin of the 
stereoselectivity of NO addition is almost certainly due to the addition of nucleophile 
to the NO dimer. The formation of the diazeniumdiolate in its Z form is likely the 
result of stabilization through hydrogen bonding interactions with the 
dialkylammonium cation and the oxygens of the NONO- framework, or in the case of 
sodium derivatives, through coordination ofNa+ by the diazeniumdiolate oxygens. 
3.5.1 Product Identification 
Further analysis of the off-white precipitate recovered from the reaction of 
nitrosobenzene radical anion and NO in the presence ofbase, (Table 3), showed that 
it exhibited a strong absorbance in the UV-Vis spectrum at 262 nm in pH Il sodium 
hydroxide solution. 1 H NMR spectroscopy showed the presence of many singlets 
which covered a wide range of the spectrum 1.76 p.p.m. to 8.28 p.p.m. Integration of 
these peaks from experiment to experiment showed that the intensities were indeed 
variable, with the one notable exception being the resonance at 1.76 ppm which was 
always the major product. 
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Table 3: Data for the Reaction between Nitrosobenzene Radical 
Anion and Nitric Oxide in DMSO 
1HNMR UV IR DSC (NaODID2O, (NaOH, (KBr, cm-1) (m.p., exo.,OC) p.p.m.) nm) 
623,0 (s), 652.4 (s), 
879.9 (m), 1054.5 (s), 
1.76 (s), 2.64 (s), 1185.1 (br,s), 1272.4 
4.20 (s),5.12 (s), 262 (s), 1354.4 (m), 1438 185.8 
8.28 (s) (br,s), 1597.5 (br,s), 
2068.3 (br,w), 2249.4 
(br,s), 3340.3 (br) 
Numerous attempts were made to purify and separate the components in this 
mixture, however this was not successfully achieved as the precipitate is only soluble 
in neutral and basic water solutions. In order to identify the components in this off-
white precipitate, each of the reactants were reacted nitric oxide in a stepwise 
approach. The reaction of potassium tert-butoxide in tert-butanol with nitric oxide 
results in the formation of an off-white precipitate. Analysis ofthis precipitate by IH 
NMR, UV and IR spectroscopy reveals that it is similar to the one formed in the 
previous phenylhydroxylamine- nitrosobenzene reaction. 
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1HNMR 
(DzO, 
p.p.m.) 
1.73 (s), 3.18 
(s), 4.40 (s), 
4.42 (s), 5.78 
(s), 5.80 (s), 
6.20 (s), 7.40 
(s), 7.65 (s), 
8.23 (s) 
1HNMR 
(DzO, p.p.m.) 
1.72 (s), 2.51 
(s), 4.37 (s), 
4.39 (s), 5.70 
(s), 5.77 (s), 
6.18 (s), 7.37 
(s), 8.24 (s) 
Table 4: Data for the Reaction between Potassium tert-Butoxide 
and Nitric Oxide in tert-Butanol 
1HNMR UV 13CNMR IR (NaODlDzO, (Na OH, (NaODlDzO, (KBr, cm-1) 
p.p.m.) nm) p.p.m.) 
788.0 (m), 821.5 (m), 
856.0 (s), 927.5 (w), 
1.72 (s), 4.39 (s), 957.3 (w), 1002.0 (w), 
4.44 (s), 5.71 (s), 23.3 1167.2 (s), 1244.7 (s), 
5.78 (s), 7.64 (s), 263 94.4 1347.1 (s), 1382.2 (s), 
8.25 (s) 1453.5 (s), 1618.6 (s), 1665.2 (s), 1725.1 (s), 
2170.4 (m), 2978.2 (s), 
3396.0 (br) 
Table 5: Data for the Reaction between Sodium tert-Butoxide 
and Nitric Oxide in tert-Butanol 
1HNMR UV 13CNMR IR (NaODlDzO, (NaOH, (NaODlDzO, (KBr, cm-1) p.p.m.) nm) p.p.m.) 
793.4 (m), 826.1 (m), 
859.9 (s), 936.9 (w), 1.75 (s), 4.40 957.2 (w), 1006.4 (w), (s), 4.45 (s), 262 23.3 1177.8 (s), 1244.5 (s), 5.71 (s), 5.78 1363.6 (s), 1420.1 (s), (s), 8.25 (s) 1617.6 (s), 2221.2 (w), 
2977.6(s), 3421.6 (br) 
A comparison of Tables 4 and 5 show that the products formed when 
potassium and sodium tert-butoxide are used in these nitric oxide condensation 
DSC 
(m.p., 
exo.,OC) 
161.5, 
193.6, 
202.2 
DSC 
(m.p., 
exo.,OC) 
180.2 
reactions are similar. There are sorne slight frequency shifts observed in the infrared 
spectrum which is expected upon changing the cation from a potassium salt to that of 
a sodium derivative. The characteristic stretching frequencies of the tert-butoxy 
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group at 2959, 1368 and 1183 cm-l are not present in the compound formed, and 
strongly indicates that the tert-butyl group no longer remains intact. This is 
substantiated by the 13C NMR spectra that show only one carbon at 23.3 p.p.m. In 
sorne of the preparations there is a very weak peak at 94.4 p.p.m. that is observed, 
however this may be due to one of the other components of the mixture, and not the 
major product. The downfield resonance at 8.25 p.p.m. in the lH NMR spectra is 
attributed to sodium formate (HCOONa+). 
UV-Vis analysis of the precipitates reveals that in basic media, (sodium 
hydroxide solution, pH 12.5), the absorbance maximum is at 262 nm. When the salt 
was dissolved in distilled, deionized water the solution became basic (pH 10.4) due to 
the basicity of the unknown sodium salt. Despite the basicity of the solution there is a 
graduaI decomposition of the precipitate, which has been observed by both UV-Vis 
and lH NMR spectroscopie techniques. Decomposition of the salt can be se en upon 
dissolution of the salt in water by the appearance of bubbles, indicative of gas 
evolution. By UV -Vis analysis, the absorbance maximum at 262 nm begins to 
decrease with an initial concurrent increase of a peak at 326 nm (Figure 5). The 
increase in the peak at 326 nm is not long-lived and within the first 10 minutes, this 
peak begins to decrease in intensity, clearly illustrating that the compound at 326 nm 
is converted into another species. The first order rate values obtained after the initial 
1000 sec., during the decomposition process, for the species at 262 nm and 326 nm 
are 5.5 x 10-5 ± 3.2 x 10-6 sec-l and 5.0 x 10-5 ± 2.3 x 10-6 sec-l respectively. The 
rate of decomposition of the peak at 262 is concentration dependent, as it was 
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observed that decreasing the concentration ofthe salt by half (initial absorbance 
approx. 0.42 AU) leads to a 4-fold decrease in rate 1.3 x 10-5 ± 3.9 x 10-7 sec-l • 
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Figure 5. Decomposition profile of the off-white sodium salt in water (pH -10). 
a) Absorbance maximum at 262 nm begins to decrease as a peak at 
326 nm grows in. b) Kinetic traces for the salts decomposition. 93 
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The decomposition profiles of the sodium derivative in water (initial pH 10.4 
upon dissolution ofthe unknown sodium salt) compared to that in a sodium 
hydroxide solution (initial pH 12.5)(Figures 5 and 6) c1early indicates that the 
compound is more stable in very basic solutions as shown by the slight decrease in 
absorbance intensity at 262 nm in Figure 6. During the same time course, there is a 
slight increase in the absorbance at 326 nm in the very basic solution; however it is 
not as dramatic as the initial increase observed in pH 10.4 water. 
Arulsamy and Bohle have reported the formation of novel 
polydiazeniumdiolates through the reaction of nitric oxide with various ketones in the 
presence of base?8 In this report, trianionic diazeniumdiolates (compounds 
containing three NONO" groups) were formed. Characterization ofthese compounds 
revealed that they exhibited a strong absorbance in the UV band in the range of 264-
268 nm. It was noted that upon decomposition of the se compounds a new peak at 
328 nm was formed. The rate of decomposition of the diazeniumdiolates and the 
concurrent growth of the 328 nm peak was found to depend greatly on the structure as 
well as the pH of the solution. In this report the decomposition products were not 
isolated, however it was postulated based on the similarity of the UV-Vis spectrum to 
oximes, that a compound with the structure [HON=C(N202)2]2" was formed from the 
loss of nitroxyl (NO") from the tridiazeniumdiolate CH(N202)l" (Scheme 8). 
Scheme 8. Proposed decomposition process for trianion diazeniumdiolates. 
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.,..-_ .. 
/. Decomposition of these types of compounds results in the release of nitrous 
oxide, formed from the dimerization oftwo equivalents ofnitroxyl in aqueous media. 
The unknown sodium salt prepared in this work releases gas, exemplified by the 
bubbles observed upon dissolution in alkali solution. Analysis of the solution revealed 
that it was negative for nitrite, as determined by the Griess test. Nitrite can be readily 
formed if NO is released in aqueous media. This observation supports the hypothesis 
that N20 is released upon dissolution in aqueous media rather than NO. Efforts to 
detect this gas by IR were unsuccessful presumably due to the small amount of 
precipitate available for analysis. Based on the similarity of the results obtained for 
the unknown sodium salt and Arulsamy and Bohle's trianionic diazeniumdiolate 
decomposition products, it is believed that dissolution in aqueous media of the 
unknown sodium salt results in the formation of an oxime. 
The identity of the unknown sodium salt was achieved by analyzing the re-
crystallization solution. Removal of solvent (waterlethanol) from this solution led to 
the recovery of an off-white precipitate. Analysis of this precipitate by UV-Vis 
analysis showed a strong absorbance at 259 nm (Figure 7). IR analysis ofthis 
material indicates that it has a very strong peak at 1270 cm-l, with medium intensity 
bands at 1351, 1384, 1406 and 1611 cm-l. There is also a weak peak at 2170 cm-l 
and a broad band centered at 3433 cm-l. These experimentally determined vibrational 
frequencies are in agreement with density functional theory calculations 
(B3LYP/aug-cc-pVDZ) done in the gas phase for the structure shown in Figure 8. 
Calculations were for the dianion for both the cis and trans isomers, with both 
structures corresponding to stable minima. As a result of the position of the bands in 
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the IR, in addition to the NMR data the structure in Figure 8 is proposed for the 
unknown sodium salt. 
Figure 7. Absorbance curve for the off-white precipitate recovered 
from the re-crystallization solution 
-o 0 
\ +/ + 
C-N Na 
/ ~ 
N=N N-O 
+ - / -
Na 0 
Figure 8. Proposed structure of the unidentified sodium saIt. 
Peaks in the infrared spectrum can be attributed to various vibrational modes 
in the proposed structure. The peak at 1270.2 cm-1(vs) is likely to be due to the 
ONNO framework. In addition diazeniumdiolate type compounds usually have 
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,~. numerous bands in the IR in the region of 1150-1410 cm-
l 
assigned to the N202-
group. The IR spectrum for the salt under investigation shows medium intensity 
bands at 1351.4, 1384.2 and 1406.0 cm-l. The presence of a medium intensity band at 
1611.8 cm-l is assigned to a C=O vibration, while the broad band at 3433.4 cm-l is 
atlributed to OH stretching, which may be due to the presence ofwater as this 
precipitate appears to be slightly hygroscopie. The lH NMR spectrum exhibits no 
resonances in agreement with a structure containing no protons. l3C NMR of the 
compound indicates that it contains only one carbon. The chemical shift for this 
carbon occurs at 171.3 p.p.m. and corresponds to C=O. In addition to IR and NMR 
data, MS (ESI) analysis ofthis off-white precipitate revealed m/z: [M] 132.0, which 
corresponds to CN404. The UV-Vis spectrum for the precipitate also agrees with 
literature values for species of similar structure?8 
Upon standing, the re-crystallization solutions became darker in color 
eventually tuming green. Analysis of the product obtained upon solvent removal, 
showed in addition to the peak at 259nm the band at 326 nm in the UV-Vis spectrum 
(Figure 9). The infrared spectrum has sorne new bands in addition to a few slightly 
shifted peaks compared to the original crude material. Similarly, the lH NMR 
spectrum for this green precipitate has many resonances similar to that of the original 
spectrum for the crude material. This is expected since the green material is not a re-
crystallization product and therefore contains many of the same compounds as the 
original crude off-white precipitate. 
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Table 6: Green Re-crystallization Precipitate Derived from 
the Sodium Product 
IHNMR UV IR 
(NaOD, p.p.m.) (NaOH, nm) (KBr, cm-1) 
702.4 (s), 787.5 (m), 
832.1 (m), 864 (w), 
1.75 (s), 4.45 (s), 977.5 (m), 1007.1(s), 1037.2 (w), 1231.2 (s), 4.55 (s), 5.76 (s), 259,326 1268.6 (s), 1400.2 (br, s), 6.20 (s), 7.40 (s), 1447.6 (s), 1627.1 (s), 8.28 (s) 1655.7 (s), 2629.4 (br, m), 
2729.2 (br, m), 2962.7 
(m), and 3419.0 (br,s) 
0.5 
250 300 350 400 450 500 550 600 Wave Ih n 
Figure 9. Absorbance curve for the green precipita te. 
Despite the fact that the green precipitate could not be isolated and purified a 
proposed structure is that of an oxime as shown in Figure 10. 
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+-
Na 0 OH \ / C=N 
/ N=N 
+- / 
Na 0 
- + HO 0 Na 
\ / C=N 
/ N=N 
+- / 
Na 0 
.. 
Figure 10. Proposed structure of decomposition product. 
During the workup of one of the reactions, a small amount of white precipitate 
was recovered from an ethereal filtrate. This precipitate was not soluble in ether; 
however it was able to pass through the pores of a frit used for purification. Analysis 
of this white precipitate revealed that it was a single species and contained only one 
proton resonance at 1.73 p.p.m. in D20. This species is the same species observed in 
all of the mixtures and is one of the main components as determined through 
integration of the peaks in the l H NMR spectra. The compound does not absorb in 
the UV-Vis, and differential scanning calorimetry analysis of the precipitate shows 
only one endothermic, irreversible peak at 99.2°C (which is probably due to the loss 
ofwater). The infrared stretching frequencies for this white precipitate are quite 
different and distinct from that of the crude spectra. The stretching frequencies for 
the white precipitate occur at 810.4 (w), 883.9 (m), 1060.7 (m), 1380.2 (s), 1453.1 (s), 
1476.8 (s), 1579.0 (m), 1667.9 (w), 1733.5 (w), 1757.2 (w), 2268.9 (w), 2417.1 (w), 
2485.2 (w), 3008.4 (m) and 3193.2 (br, s). These stretching frequencies in addition to 
the proton NMR spectrum of an authentic sample of potassium acetate reveals that 
the peak at 1.73 p.p.m. is due to the presence ofthis salt. 
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3.5.1.1 Structural Characterization of Crystalline Sa/ts 
Re-crystallization of the crude off-white precipitate from water/ethanol results 
in the formation of clear, colorless crystalline flakes and needles. Spectral analyses 
of the se crystals reveal that they are significantly different from the crude compound. 
In addition, infrared analysis of the crystals reveals that there has been a 
simplification in the spectrum (Table 7). The IH NMR spectrum for these flakes does 
not exhibit any proton resonances, and attempts at acquiring a carbon spectrum were 
also void of carbon resonances. 
Table 7: Data for Crystals Obtained from 
Re-crystalIization from WaterlEthanol 
865.0 (s), 900.7 (m), 
1068.9 (vw), 1411.2 (s), 
1457.4 (s), 2469.1 (w), 
2991.5 (br) and 3452.5 (br) 
The solid state structure of the crystal was determined by single crystal X-ray 
diffraction. The structure was determined to be that of sodium sesquicarbonate 
(common name trona), Na2C03.NaHC03.2H20. The crystal is monoclinic, space 
group C2/c with cell dimensions a = 20.3555(25); b = 3.4844(9); c = 10.3025(1); a=y 
900 ; {3= 106.471 0 (4); V= 700.25(26). These parameters are in strong agreement 
with the literature values for trona.29 Elemental analysis of the sample gives C, 
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10.80; H, 1.38, which correlates closely to the calculated values of C, 10.62; H, 2.22, 
and agrees with the empirical formula of C2H06Na3 . 2H20. 
In the reaction of potassium tert-butoxide and NO in tert-butanol, potassium 
oxalate, K2C204, was formed. This was confirmed by single crystal X-ray diffraction 
of crystals formed upon re-crystallization of the crude material. The crystal is 
monoclinic, space group C2/c with cell dimensions a = 9.2319 (12); b = 6.1772 (8); c 
= 10.6822 (14); a=y 90°; fJ= 110.684° (1); V= 569.91 (22). These parameters are in 
strong agreement with the literature values for potassium oxalate of a = 9.222 (3); b = 
6.197 (2); c = 10.690(5); a=y 90; fJ= 110.70° (3); V= 569.91 (22).30 
3.5.1.2 Nitric Oxide 's Reaction with Alcohols 
The reaction of nitric oxide with various alcohols such as ethanol, propanol, 
butanol, isobutanol in the presence of base leads to the formation of Traube's salts.31-
33 The Traube reaction is outlined in Scheme 9 for the reaction of basic ethanol. In 
this initial reaction nitrous oxide, sodium hydroxide and an aldehyde are produced. 
The aldehyde formed in this first step is the result of the dehydrogenation of the 
ethanol by NO. This aldehyde then reacts with more base and nitric oxide forming 
sodium formate, sodium hydroxide in addition to the Traube salt (XIII). 
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o A: 4 NO + 2 NaOCH2CH3 
Scheme 9. Formation of Traube's salts - (polydiazeniumdiolates). 
For tert-butanol a Traube-type salt is not expected to be formed, as there are 
no protons available for dehydrogenation to occur. In addition to the formation of 
Traube-type salts, the formation of a simple salt from the reaction of methanol with 
NO is now known. Sodium methoxide, which had previously been thought to be inert 
towards nitric oxide, has been shown by Hrabie et al. to produces sodium formate. 
This salt is formed via the Cannizzaro reaction of formaldehyde. Similarly to 
Traube's reaction, the Cannizzaro reaction is not implicated in these tert-butanol 
reactions, as it is unclear how an aldehyde would be formed from the tert-butyl 
moiety. It is however clear from the results presented herein, that the reaction of 
nitric oxide with tert-butanol in the presence of base leads to the formation ofmany 
salts, the reason for which remains unclear. 
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3.6 Conclusions 
Efforts to directly generate diazeniumdiolate by reacting nitrosamine radical 
anions with nitric oxide and provide conclusive evidence as to the radical 
intermediate mechanism proved unsuccessful. The synthe sis of both nitrogen and 
carbon bound diazeniumdiolate anions were attempted using a variety of radical 
anionic species, and in every case the desired product was not achieved. As can be 
expected with free radical reactions, many reaction products were formed, which 
made product identification difficult. 
While trying to prepare Cupferron, phenyldiazeniumdiolate from 
nitrosobenzene radical anions in the presence of basic tert-butanol, a previously 
undescribed reaction was discovered. The reaction ofnitric oxide in basic tert-
butanol results in the fragmentation of the tert-butyl framework and the formation of 
a wide variety of sodium salts. This reaction, while unexpected is of interest as it 
highlights how crucial solvent choice is for reactions involving nitric oxide. The 
observation that NO in basic tert-butanol produces alkali salts adds to the 
fundamental chemistry of nitric oxide. 
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4. Kinetics of Nitrogen Bound Diazeniumiumdiolate Formation 
4.1 N-Bound Diazeniumdiolates 
4.1.1 Significance 
In recent years it has been established that nitric oxide (NO) is an ubiquitous 
bioregulatory agent, involved in a variety of physiological functions. NO is found to 
participate in processes ranging from vasodilation and platelet aggregation to 
neurotransmission and mediation of immune system function. I-4 As a result of these 
findings, there has been an increased interest in nitric oxide chemistry and 
biochemistry. The need to develop compounds that can conveniently deliver NO 
under physiological conditions has arisen in response to the overwhelming evidence 
of its importance in biological systems. 
Nitrogen bound diazeniumdiolate ions (1) are compounds formed from the 
condensation of nitric oxide with secondary amines.5 These compounds have been 
shown to hydrolyze under physiological conditions to release 2 equivalents of NO, 
and thus represent a versatile class of nitric oxide donors.6 
(1) 
Figure 1. General structure of amine derived diazeniumdiolate anions. 
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4.1.2 Preparation 
In 1960, Drago and Paulik reported the first nitrogen bound 
diazeniumdiolates.7 Diethyldiazeniumdiolate was prepared via the condensation of 
nitric oxide with diethylamine under high and atmospheric pressures, with the former 
affording a higher yield in product. Shortly thereafter Drago and Karstetter 
demonstrated that this NO condensation reaction, to pro duce N-bound 
diazeniumdiolates, was a general reaction for secondary amines.5,8 These reactions 
were carried out in diethyl ether at -78°C for a reaction period of24 hours with yields 
varying from 60-80% reported depending upon the amine: solvent ratio.5 The 
influence on solvent was not thoroughly investigated at this time, however it was 
noted that yields were not significantly affected if the diazeniumdiolation reaction 
was preformed in isopropyl ether or pentane. The influence of temperature was 
briefly mentioned, with trace amounts of product being obtained when reactions were 
done at room temperature.5 
As interest in nitric oxide increased in the 1990's when its biological 
significance was recognized, new preparative routes were investigated. Synthesis of 
nitrogen-bound diazeniumdiolates typically involves the condensation of nitric oxide 
with dialkylamine in ether or methanol solutions at room or low temperature (-20°C 
to _78°C).7,8 When the stability of the resulting diazeniumdiolate is a concem, the 
sodium salt derivative can be prepared directly through the reaction of the 
dialkylammonium salt with solutions of sodium methoxide or sodium ethoxide.5,7 
These preparative routes provide diazeniumdiolate in appreciable yields. In an 
attempt to devise a synthetic strategy to improve the preparation of 
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dialkyldiazeniumdiolates at room temperature under moderate nitric oxide pressures, 
as weIl as acquire information as to the mechanism of their formation, the influence 
of solvent was investigated, the results of which are presented herein. 
4.2 Experimental 
4.2.1 General Experimental 
AIl reagents and solvents used were reagent grade and used as supplied 
(Sigma-Aldrich Co.). Nitric oxide was obtained from Praxair (Bethlehem, 
Pennsylvania) and purified by passing over potassium hydroxide pellets prior to use. 
NMR spectra were measured on a 400 MHz Varian-XL Fourier Transform NMR 
spectrometer in deuterated sodium hydroxide. Ultraviolet data were obtained in 1 M 
NaOH solutions using an HP8451A diode array spectrometer. Infrared spectra were 
obtained as KBr disks with a Perkin-Elmer model HB 1 00 FTIR spectrophotometer. 
4.2.2 Nitric Oxide 's Reactions with Amines 
Reactions of amines with nitric oxide were performed in a Parr high pressure 
reaction bottle. The high pressure glass reaction bottle was fitted to a gas manifold 
using the coupling assembly shown in Figure 2. Stainless steel couplings, adapters 
and fittings were used throughoot the entire assembly, with Viton O-rings used to 
maintain tight seals. Pressure lines were made using W' Teflon tubing. 
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vacuum +--~ +-- nitrogen gas 
pressure transducer G::ure gauge l -----l> bubbler 
NO reservoir 
cylinder 
NO tank -----l> 
reaction -----l> ta temperature controller 
mixture 
Figure 2. Setup for high pressure reactions. 
4.2.3 General Procedure for Kinetic Measurements 
Kinetics measurements were made by filling a 500 mL stainless steel reservoir 
cylinder (Aldrich) with nitric oxide. This reservoir was topped up with 50 psi above 
the pressure controller set point to ensure constant supply of NO as the reaction 
proceeded. Nitric oxide consumption was measured using the 640A electronic 
pressure controller, (CCR, Nepean, Ontario), that monitored the pressure left in the 
reservoir cylinder as the reaction progressed. Changes in pressure were detected by a 
pressure transducer that was inline with the pressure controller (Figure 2). The 
response time for NO introduction into the reaction bottle was <100 msec. A 
temperature controller was used to maintain the temperature during the reactions 
(25°C ± O.2°C). Data was acquired using an OM-PLPT pressure and temperature data 
logger, (Omega, Laval, Quebec), stored and displayed using a desktop computer. 
Data measurements were acquired every five minutes throughout the reaction period. 
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4.2.4 UV- Vis Analysis of Diethylamine 's Reaction with Nitric Oxide 
To a quartz cuvette, 3mL of dry methanol and 1 uL of de-oxygenated 
diethylamine were added under nitrogen. The cuvette was sealed with a cap fitted 
with a rubber seal. Initial reference spectrum was obtained and then 250 uL of nitric 
oxide was introduced using a gas-tight syringe. An additional 250 uL aliquot of nitric 
oxide was introduced and then the cuvette was opened to the environment to 
introduce O2. This was repeated several times and UV -Vis spectra recorded. The 
sample was left to stand capped for a period of 18 hours and then another spectrum 
recorded. The cuvette was then left uncapped under ambient conditions for 2 hours 
and a final spectrum recorded. 
4.2.5 Preparation of Pr2N[N(O)NOj"Pr2NH2 + (II) 
A Parr high-pressure glass reaction bottle equipped with a magnetic stirbar 
was fitted to a gas manifold. Dipropylamine (4 mL, 0.0146 mol) and the appropriate 
volume of solvent (amine: solvent ratio 1 :2) were then added, to the bottle, which had 
previously been evacuated and flushed with nitrogen. The solution was stirred and 
degassed by purging the headspace with nitrogen and then nitric oxide (4.6 atm, 3.4 
atm, or 1.7 atm) was introduced. The pressure was held isobaric throughout the 
reaction at room temperature. Upon completion of the reaction (no further gas 
consumption), excess nitric oxide was vented and the reaction mixture flushed with 
nitrogen. The white precipitate fonned was filtered, washed with diethylether and 
dried in a vacuum oven at room temperature. mp 105°C; UV (lM NaOH) Âmax 248 
nm; lH NMR (lM NaOD) ô 0.68 (t, J=7.2 Hz, CH3); 0.69 (t, J=7.2 Hz, CH3); 1.13 
(dt, J=7.2 Hz, CH2); 1.27 (dt, J=7.2 Hz, CH2); 2.28 (t, J=7.2 Hz, CH2); 2.64 (dt, J 
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=7.2 Hz, CH2); IR (KBr) 757 (m); 918 (s); 938 (s); 1004 (s); 1064(s); 1156 (s); 1178 
(s); 1198 (s); 1384 (s); 1458 (m); 1472 (m);1507 (m); 2877 (m); 2937 (m); and 2960 
(s) cm-1; Anal. Calcd. for C12H30N402: C, 54.96; H, 11.54; N, 21.37. Found: C, 
54.63; H, 11.56; N, 21.17. 
4.2.6 Preparation ofPr2N[N(O)NOINa+ 
To an evacuated, nitrogen flushed Parr high pressure reaction vessel, 4 ml 
(0.0146 mol) of dipropylamine and 2.8 ml (0.0490 mol) of dry sodium methoxide 
solution was added. The contents of the vessel were flushed again with nitrogen and 
once the appropriate temperature had been achieved, nitric oxide was introduced. 
The reaction mixture was stirred at the desired NO pressure and temperature 
throughout the reaction period. Upon completion of the reaction, excess nitric oxide 
was vented and the reaction vessel flushed with nitrogen. Diethylether was added to 
the mixture, and the white precipitate formed filtered and dried in the vacuum oven 
overnight. UV (lM NaOH) Âmax 248 nm; 1H NMR (lM NaOD) 3 0.69 (t, J =7.2 Hz, 
CH3); 1.13 (dt, J=7.2 Hz, CH2); 2.67 (dt, J=7.2 Hz, CH2); IR (KBr) 761 (w); 782 
(w); 828 (m); 919 (s); 938 (s); 983 (s); 1066(s); 1158 (s); 1211 (s); 1325 (s); 1371 
(s); 1460 (s); 1466 (s); 2880 (s); 2938 (s) and 2961 (s) cm-1. 
4.2.7 Preparation ofC4HsN[N(O)NOIC4H lOtr (VIII) 
The same reaction conditions and procedure as the dipropylamine reactions 
were performed. In this instance, pyrrolidine (1.2 mL, 0.0146 moles) and the 
appropriate volume of solvent, (amine: solvent ratio 1 :2), were then added to the 
reaction vessel, which had previously been evacuated and flushed with nitrogen. The 
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white precipitate formed was filtered and washed with diethylether and dried in a 
vacuum oven at room temperature. UV (lM NaOH) Âmax 249 nm; IH NMR (lM 
NaOD) ô 1.49-1.45 (m, J=6.9 Hz, CH2); 1.74-1.78 (m, J=6.9 Hz, CH2); 2.57-2.62 
(m, J=6.9 Hz, CH2); 3.05-3.09 (m, J=6.9 Hz, CH2); IR (KBr) 461 (s); 569 (s); 645 
(s); 769 (m); 819 (w); 859 (m); 904 (s); 985 (s); 1048 (m); 1148 (s); 1178 (s); 1220 
(s); 1269 (w); 1296 (w); 1325 (w); 1343 (m); 1392 (s); 1460 (s); 2452 (br, w); 2562 
(w); 2750 (br, m); 2888 (br, m) and 2970 (br, m) cm- l . 
4.2.8 Preparation ojC4HsN{N(O)NOINa+ 
To an evacuated, nitrogen flushed Parr high pressure reaction vessel, 1.2 ml 
(0.0146 mol) of pyrrolidine and 1.0 ml (0.0490 mol) of dry sodium methoxide 
solution was added. The contents of the vessel were evacuated and flushed again 
with nitrogen and once the appropriate temperature had been achieved, nitric oxide 
was introduced. The reaction mixture was stirred at the desired NO pressure and 
temperature throughout the reaction period. Upon completion of the reaction, excess 
nitric oxide was vented and the reaction vessel flushed with nitrogen. Diethylether 
either was added to the mixture, and the white precipitate formed filtered and dried in 
the vacuum oven overnight. UV (lM NaOH) Âmax 249 nm; IH NMR (lM NaOD) ô 
1.88 (br, s, CH2); 3.19 (br, s, CH2); IR (KBr) 392 (s); 520 (m); 575 (m); 702 (w); 801 
(s); 865 (m); 901 (s); 985 (s); 1022 (s); 1105 (s); 1183 (s); 1224 (s); 1262 (s); 1322 
(m); 1393 (s); 1463 (s); 2872 (m); 2965 (m) cm- l . 
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4.3 Results and Discussion 
4.3.1 Formation of N-Diazeniumdiolates 
The influence of organic solvents in the synthesis of secondary amine - nitric 
oxide adducts has not been thoroughly investigated. While the reaction of nitric 
oxide with aromatic primary amines in organic solvents has been described,10 in this 
case nitric oxide leads to the aromatization of Hantzsch dihydropyridines rather than 
diazeniumdiolation. The influence of solvent in reactions involving secondary and 
tertiary amines in the presence of nitric oxide has been studied, but in the context of 
determining N-nitrosamine formation in aerobic conditions. 
The reaction of dipropylamine with nitric oxide to prepare 
dipropyldiazeniumdiolate as the dipropylammonium salt (II) was carried out in a 
variety of solvents, in order to examine the influence of solvent on the reaction 
(Scheme 1). Reactions were carried out in a medium-pressure glass vessel that was 
free from oxygen. In a typical reaction 1 equivalent of amine was added to 2 
equivalents of solvent and the vessel flushed with nitrogen prior to being pressurized 
with nitric oxide and the mixture stirred at room temperature. 
2~N~ 2NO ~N~~N~ 
H ---.~ \+ _ ~2 
Solvent N-Q 
R.T. Il 
N (II) 
\ 
Scheme 1. Preparation of dipropyldiazeniumdiolate dipropylammonium cation salt. 
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To contirrn the nature and purity of the precipitate forrned in these reactions 
samples were analyzed by nuclear magnetic resonance (NMR) spectroscopy. The 
proton NMR spectra for dipropyldiazeniumdiolate dipropylammonium salt prepared 
in four different solvents, I-methylimidazole, 2,6 lutidine, quinoline and pyridine 
show that regardless of the solvent used in the reactions the product is the same by IH 
NMR (Figures 3). One set of propyl signaIs in the NMR spectrum is due to the 
dipropylammonium cation, while the other set of propyl resonances are that of the 
diazeniumdiolate anion. Elemental analysis was also used to contirrn that indeed 
dipropyldiazeniumdiolate had been prepared in the various solvents (See 
Experimental Section). In the I H NMR spectra there are no signaIs due to the 
presence of species forrned from the reaction of nitric oxide with solvent, which is an 
important observation as it has been reported that NO can indeed react with solvents 
such as acetonitrile in the presence of strong base. 12 No such reaction was anticipated 
or observed in these reactions. 
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Figures 3: Proton NMR (NaODlDzO) spectra of dipropyldiazeniumdiolate 
dipropylammonium salt prepared in A: I-methylimidazole, B: 2,6 Lutidine, 
C: Quinoline and D: Pyridine * dipropyldiazeniumdiolate anion. 
dipropylammonium cation 
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Despite the fact that nitric oxide can behave as an oxidant or reductant in its 
monomeric state, it does undergo important chemical reactions as a dimer (a process 
that is pressure and temperature dependent). Nitric oxide in its dimeric form, has 
been shown to be kinetically important in reactions with hydrogen, bromine, chlorine 
and oxygen. 13 The formation of adducts from the reaction of two equivalents of nitric 
oxide with various nuc1eophiles leads to the formation of diazeniumdiolate anions. 
The two common mechanisms proposed for the addition of nitric oxide to 
nuc1eophiles are shown below. 14 One mechanism involves the formation of a nitric 
oxide dimer followed by reaction with a nuc1eophile (Pre-dimerization), while the 
other involves the condensation of nitric oxide with a radical intermediate (Radical 
Intermediate). This radical subsequently reacts with another equivalent of nitric 
oxide to give diazeniumdiolate. 
Pre-dimerization: 
2 NO = N20 2 (1) 
N20 2 + R2NH ~ R2NWN20 2- (2) 
- + 
R2NWN20 2-+ R2NH~ R2NN20 2 + R2NH2 (3) 
Radical Intermediate: 
(4) 
(5) 
- + 
R2NWNONO+ R2NH~ R2NN20 2 + R2NH2 (6) 
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In the pre-dimerization mechanism it is the nitric oxide dimer that acts as the 
electrophilic species, whereas in the mechanism involving the radical intermediate, 
NO monomer is the electrophile. These mechanisms represent extremes in the 
formation of these diazeniumdiolate anions, however the possibility of a reaction 
mechanism in which both the monomer and dimer are present can not be ruled out. 
4.3.1.1 Previous Mechanistic Studies 
A previous attempt at determining the reaction mechanism for these 
condensation reactions has been reported,14 however no conclusive evidence was 
presented for the reaction order with respect to nitric oxide concentration. In this 
1961 report by Drago, the reaction of diethylamine with nitric oxide is examined. A 
kinetic study was performed using UV spectroscopy as a tool to follow the increase in 
absorbance at 346nm, which was attributed to be due to the diazeniumdiolate anion, 
Et2NH2+EhNN202-. In this early report, the order with respect to amine concentration 
in these reactions was determined by carrying out kinetic experiments in which the 
concentration of diethylamine was varied and the nitric oxide concentration was 
fixed. The reaction of diethylamine with nitric oxide in methanolic solutions was 
found to be first order in amine, and using the information gamered from these 
experiments Drago concluded that the radical mechanism was consistent with the 
observed kinetic data. Unfortunately current knowledge highlights a fundamental 
error with Drago's study. It is now well known that diazeniumdiolate anions ofthis 
type show a characteristic strong absorbance around 250nm in basic media,15 with 
this peak shifted to the blue in methanol (244 nm). In fact, the peak monitored by 
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Drago is due to the presence of alkylnitrite, specifically diethylammonium nitrite, 
formed from the reaction of diethylamine and nitric oxide in the presence of oxygen. 
This was confirmed by reproducing Drago's results using UV-Vis spectroscopy. 
Figure 4 shows the UV-Vis spectrum obtained for diethylamine in dry methanol in 
the presence ofnitric oxide (a). 
40 
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Figure 4. Spectra obtained during the reaction of diethylamine with nitric oxide in methanol 
at 25°C, in the absence and presence of oxygen. a) reference; b) 250 ilL NO; c) 250uL NO; 
d) small amount of Oû e-h) more O2; i) 17 hours later; j) uncapped - excess O2, 
Upon addition of NO, (250 uL and 500 uL), there is no significant change in 
the spectrum in the region of 350 nm. Addition of a small amount of oxygen results 
in the formation of several bands of weak intensity (d). By introducing more oxygen 
into the sample (uncapping cuvette), the intensity ofthese bands dramatically 
increases until it appears to plateau, as evidenced by spectrum (i) obtained 17 hours 
later, with no significant change in absorbance intensity. Exposing the sample to 
large amounts of oxygen results in the broadening of the initial peaks, and the 
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formation of a single species, as evidenced by a single band in the spectrum (j). This 
exactly reproduces what Drago reported in his early paper 14 and reflects the fact that 
these peaks are the result of an oxidation product. Thus, initial reports on mechanism 
for secondary amine - nitric oxide condensation reactions are seriously flawed. 
In Drago's analysis of the kinetics for these diazeniurndiolation reactions, a 
steady-state treatment was applied to both of the proposed reaction mechanisms. For 
the pre-dimerization mechanism N20 2 and R2NH~202 are assumed to be present in 
small steady state concentrations, while in the radical intermediate mechanism this 
assumption is made for R2NH~O'- and R2NH~202. Using these assumptions the 
expression for the mechanisms are (where P is product-diazeniumdiolate): 
Pre-equilibriurnI4: 
(7) 
Radical Intermediatel4 : 
d[P] k1k2 [R 2NH][NOy 
--= 
(8) 
dt k_l +kJNO] 
Related work has been done by Ford et al. in an effort to determine the 
reaction mechanism for a reaction involving nitric oxide with phosphine 
nucleophiles. 16 In his work, Ford examined the oxidation oftriphenylphosphine with 
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nitric oxide to form triphenylphosphine oxide and nitrous oxide in various solvents, 
namely dichloroethane, chloroform and toluene (Equation 9). The focus of this 
investigation was to determine the influence of solvent on reaction rates, to gain 
insight pertaining to the reaction mechanism. 
Ford was able to establish the rate law for this oxidation reaction by 
examining the kinetics using UV spectroscopy. This was accompli shed by 
monitoring the changes in concentration of triphenylphosphine in the presence of 
excess NO, and then by varying the NO concentration and examining kObs. Using this 
approach, the reaction was found to be tirst order in triphenylphosphine, while a plot 
ofkobs at different nitric oxide concentrations vs. [NOf resulted in a linear plot, 
indicating that the reaction is second order with respect to nitric oxide. This led to a 
rate law of: 
-d[PP~] = k[PPh ][NO]2 
dt 3 
(10) 
Results from this work were mechanistically inconc1usive; however a rate 
dependence on solvent polarity was noted, with more polar solvents exhibiting faster 
reaction rates. The conclusion drawn from this observation was that the mechanism 
proceeded through the formation of a phosphonium diazeniurndiolate intermediate 
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(Ph3PN+ONO-), as involvement ofthe nitric oxide dimer in these reaction was not 
apparent. 
To date, there have not been any in depth reports on the effect of solvent on 
the rate ofnitric oxide's reactions with amine nuc1eophiles. The results presented 
herein are therefore an attempt to try and elucidate the factors influencing the rate of 
the reaction, as well as try to determine the overall mechanism of this reaction. 
4.3.2 Kinetics ofDipropylamine Diazeniumdiolate (Pr2N[N(O)NOI 
Pr2NH2 +) Formation in Non-Aqueous Solvents 
The kinetics of these nitric oxide condensation reactions with dipropylamine 
was monitored by following the amount of nitric oxide consumed as a function of 
time under isobaric conditions. The values of kobs were measured in a variety of 
solvents (Scheme 2); benzene (III), quinoline (IV), pyridine (V), 2, 6 lutidine (VI), 1-
methylimidazole (VII) in addition to diethylether. 
o o N 1\ N~N ___ 
(III) (IV) (V) (VI) (VII) 
Scheme 2. Aromatic solvents used in this study. 
In Table 1 and Figure 5 the initial rates of nitric oxide consumption for the 
diazeniurndiolation reaction is presented for these organic solvents. The rates were 
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studied in the presence of excess nitric oxide (pseudo first order conditions), in aU 
cases. The data however, do not result in very good first order fits, as aU reactions are 
slow regardless of solvent and do not appear to go to completion. 
Table 1. Pseudo - First Order Rate Data From Initial 
Rates for the Reaction of Dipropylamine with Nitric 
Oxide in Various Solvents 
Solvent [NO] kobs 
M (S,l) 
Diethylether 0.06 6.3 X 10,7 ± 1 xl0,7 
Benzene 0.04 6.4 X 10,7 ± 2 xlO·7 
Quinoline 0.02 8.7 X 10,7 ± 1 xlO'7 
Pyridine 0.02 1.1 xlO'6± 2 xl0·7 
I-Methylimidazole 0.02 1.5 xl0·6 ± 8 xlO·7 
2, 6 Lutidine 0.02 2.5 xlO'6± 6 xlO'7 
Reactions carried out at 25°C at 3.4 atm (50 psig) NO. 
9.1 
8.8 
7.0 
7.2 
The solubility of nitric oxide in ether and pyridine was assumed to be similar 
to oxygen solubility which is known for these solvents. The Ostwald coefficient for 
NO was therefore calculated to be L(NO) = 0.450 and 0.139 for ether and pyridine 
respectively.17 The Ostwald coefficient for 02 solubility in 1-methylimidazole, 
quinoline and 2, 6 lutidine is not reported and it was estimated to be similar to that of 
pyridine. The Ostwald coefficient for NO in benzene is known, with a value of 
L(NO) = 0.300 reported. 18 This data was utilized in order to determine the 
concentration of nitric oxide in the various solvents. 
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Figure 5. Pressure decay curves for the consumption of nitric oxide 
for the reaction of dipropylamine and NO in va rio us solvents. 
The data in Table 1 c1early illustrates that regardless of the solvent used in the 
condensation reactions, the rate of formation of the diazeniumdiolate anion is similar. 
There is a ~ 2-fold acceleration in the formation of the anion when reactions are done 
in pyridine, 2, 6 lutidine and 1-methylimidazole. This acceleration does appear to 
correlate with the basicity of the solvent, with the more basic solvents resulting in 
faster NO consumption. In general the formation of dipropyldiazeniumdiolate 
dipropylammonium salt is very slow at room temperature, and even after 20 hours 
(72,000 sec), the reactions have not reached completion. 
To further explain the increase in rate observed when I-methylimidazole 
(VII) is used as the solvent, one must consider imidazole's basic nature. 1-
Methylimidazole is the most basic solvent utilized in this study and it has the ability 
to remove a proton more effectively than the other heterocyclic base~ shown in 
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Scheme 2. The catalytic effect of imidazole has been well documented, and it has 
been shown to catalyze the hydrolysis and transfer of activated acyl groups (Scheme 
3).19-21 This reaction illustrates a classical mechanism of general base catalysis, and 
involves the removal of a proton from the reagent in the transition state by 
imidazole.20 
o 
~ + - 11-
HN ~ woo H 000 Xooo C 000 R2 \ /-A ~-AI-A 
Scheme 3. Imidazole as a catalyst. 
A proposed mechanism for how I-methylimidazole acts as a general base 
catalyst in these diazeniumdiolation reactions is shown in Scheme 4. Removal of a 
proton from the amine-nitric oxide intermediate by imidazole, facilitates the 
formation of the diazeniumdiolate anion. In a subsequent step another equivalent of 
amine removes the proton from imidazole, resulting in the recovery of the catalyst. 
c> N 
\ 
e 
R 0 \ el 
N-N 
/ ~ e 
R N-Q 
Scheme 4. Proposed mechanism for I-methylimidazole catalysis in diazeniumdiolation reactions. 
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As 2, 6 lutidine and pyridine are the second and third strongest bases utilized 
in this study; it is not surprising that the rate of diazeniumdiolate formation is more 
rapid than in the weaker base quinoline, or in the non-basic benzene and diethylether. 
It is proposed that the ability of 2, 6 lutidine and pyridine to effective1y remove a 
proton from dipropylamine, and facilitate its transfer to a second equivalent of amine 
leads to the observed rate acce1eration. While I-methylimidazole and 2, 6 lutidine, 
the strongest bases, accelerate the rate of formation of the diazeniumdiolate, there 
may be other factors which contribute to the observed rates in the various organic 
solvents. 
One such factor may be the presence of NO dimer. The synthesis ofnitrogen-
bound diazeniumdiolates generally involves the use of diethylether or methanol as the 
solvent, and reactions are performed at low temperature. In these solvents it has been 
shown that diazeniumdiolation reactions proceed at a faster rate at low temperatures, 
(-20°C and -78°C), than at room temperature.7,8,13 One explanation for this observed 
increase in rate may be attributed to the fact that formation of the nitric oxide dimer is 
favored under these conditions. While the nitric oxide dimer has been known to 
exist in the gas phase22 and in low temperature matrixes,23 the enthalpy of formation 
from monomeric nitric oxide is low?4 Entropically nitric oxide dimerization is also 
not favorable and the room temperature dimerization of nitric oxide has not been 
reported. A recent theoretical paper prediction proposes that aromatic hosts or rings 
will enhance nitric oxide dimerization.25 Ab initio quantum mechanical calculations 
performed using benzene as a model, predict that the equilibrium dimerization 
constant increases by more than 150 times at room temperature. This increase is 
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attributed to charge transfer complexation as weIl as electrostatic interactions between 
the NO dimer and benzene?5 The heterocyc1ic compounds used in the present study 
(III-VII) are aU aromatic, and therefore enhancement in nitric oxide dimerization and 
subsequently the rate in which diazeniumdiolates are formed is anticipated, in 
comparison to the non-aromatic solvent. This is the hypothesis if the NO dimer is 
required in the formation of the anion (Pre-dimerization mechanism). From the results 
presented in Table 1, the prediction of a rate enhancement in aromatic environments 
is not supported. While quinoline, pyridine, 2, 6 lutidine and 1-methylimidazole aU 
show modest increases in kobsin comparison to diethylether, the same can not be said 
for benzene. 
The question of nitric oxide solubility and hence its concentration in the 
various solvents is another factor that must be considered. To date, there is no data in 
the literature for nitric oxide's solubility in any of the solvents utilized in this study 
except for diethylether and benzene. It is however, weU established that nitric oxide 
is more soluble in non-polar solvents than polar slvents,26 therefore it is expected that 
NO will be more soluble in diethylether and benzene. The solubility of nitric oxide in 
these solvents is reflected by their Henry's law coefficients,(KH), which are 4.19 x 
107 Nm-2 and 9.07 x 107 Nm-2 for diethylether and benzene respectively?6 The 
increased solubility of NO in the non-polar solvents results in more the gas being 
partitioned in solution compared to the polar heterocyclic solvents (as can be seen by 
the NO concentrations listed in Table 1). Thus the concentration of NO is greater in 
diethylether and benzene than the other solvents for the same nitric oxide pressure. 
Both of the proposed rate laws for these diazeniumdiolation reactions suggest that 
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there is a dependence on NO concentration. Renee, a rate increase in nitric oxide 
consumption is anticipated in solvents with higher concentrations of nitric oxide in 
solution. Experimentally this is not observed and implies that nitric oxide solubility 
is not a significant factor for the rate of diazeniumdiolate formation. 
4.3.2.1 Factors Affecting Reaction Yield 
From the results presented in Table 1 it is evident that changing the solvent 
from diethylether to more novel solvents, such as I-methylimidazole and 2,6 lutidine 
modestly affects the rate of diazeniumdiolate formation. Not only does the nature of 
the solvent (i.e. polarity, basicity) influence rate, but it affects the arnount of product 
present at equilibrium. This is evidenced by the data presented in Table 2, which lists 
the arnount of dipropyldiazeniumdiolate recovered from nitric oxide condensation 
reactions with dipropylamine in the various solvents. The increase in the arnount of 
diazeniumdiolate formed at room temperature from 3 % in ethereal solutions to 51 % 
in pyridine at room temperature is dramatic, and strongly suggests that solvent choice 
is significant for these reactions. 
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r~ Table 2. Data for the Reaction of Dipropylamine 
with NO in Various Solvents 
Yield 
Solvent (%) pKb 
Pyridine 51 ±4 8.7 
I-Methylimidazole 39±4 7.0 
Sodium Methoxide 32 ± 1 Solution 
Quinoline 9±1 9.1 
Neat (no solvent) 4±1 
Diethyl Ether 3±2 
2, 6 Lutidine 3 ± 1 7.3 
Benzene 3 ± 1 
Reactions carried out at 25°C at 3.4 atm (50 psig) NO. 
Drago and Karstetter 5 first mentioned the effect of solvent in these reactions 
in 1960. Preparation of dipropyldiazeniumdiolate as its dialkylammonium salt was 
prepared in diethylether , and it was noted in this early report that by varying the 
amine-solvent mole ratio the amount of product recovered could be varied. In Table 
2 the results presented are for an amine-solvent mole ratio of 1 :2, with the yields 
reported being greater than that obtained in previous reports for reactions done at 
room temperature in diethylether. 5 
To try and account for the differences in the amount of diazeniumdiolate 
recovered, factors such as NO solubility and diazeniumdiolate stability in the various 
solvents along with reaction completion were considered. The amount of 
diazeniumdiolate recovered at room temperature may be influenced by the solubility 
of nitric oxide in the various solvents. It has been established that the yield obtained 
in these diazeniumdiolation reactions is directly related to the amount of nitric oxide 
that has been dissolved in solution.5 At room temperature the solubility of nitric 
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oxide in ether is low (4.19 X 107 Nm-2),26 and predicted to be lower in the polar 
solvents. Therefore a correlation with solvent polarity and the amount of product 
recovered can be anticipated. Such a correlation was not observed experimentally, as 
the most polar solvents resulted in greater amounts of diazeniumdiolate, contrary to 
what would be expected if NO solubility was significant factor in controlling product 
yield. 
The solubility of the diazeniumdiolate anion in the various solutions may also 
help to explain the differences in the amount of precipitate recovered at equilibrium. 
The diazeniumdiolate salt appears to be more insoluble in pyridine, 1-
methylimidazole, quinoline and diethylether, precipitating out ofthese solvents very 
readily. The salt however, shows increased solubility in benzene and sodium 
methoxide/methanol solutions, exemplified by the small amount of diazeniumdiolate 
that precipitates out of solution. When NO is reacted with dipropylamine in sodium 
methoxide solution, the majority of the salt remains in solution, and must be 
precipitated out of the reaction mixture through the addition of large amounts of 
diethylether. This observation of diazeniumdiolate remaining in solution has been 
noted by Drago et al., in which it was observed that at very low temperatures in 
diethylether diazeniumdiolate remained dissolved in solution, and upon increasing the 
temperature, (-78°C~R.T.), more product could be recovered. 14 
In order to evaluate whether the reactions have truly gone to completion, and 
to ensure that cessation in nitric oxide consumption was not the result of the presence 
of nitrous oxide, the ability for more NO to be consumed was examined. This was 
accomplished by purging the headspace of the reaction vessel of gas and re-
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pressurized with NO to the appropriate pressure, and monitoring NO consumption. 
The result of this experiment confirmed that the reactions had indeed gone to 
completion, as no additional nitric oxide was consumed. 
4.3.2.2 Product Distribution: Formation ofN-Dipropylnitrosamine 
Reaction mixtures were examined to establish the amount of nitrosamine 
formed during the reaction. 1 H NMR spectroscopy was used to quantify the amount 
of amine and nitrosamine present at the end of the reaction. The ratio of 
dipropylamine to N-nitrosodipropylamine was determined by the relative integration 
of the methyl resonances. Table 3 shows the product distribution for nitric oxide-
dipropylamine reactions in the various solvents along with diethyl ether. These 
results are also compared to the products formed when no solvent is used and nitric 
oxide is directly reacted with dipropylamine. 
Table 3. Product Distribution from Dipropylamine -NO Condensation Reactions 
Diazeniumdiolate Amine Recovered N-Nitrosamine Solvent Formed (mol %) Formed (mol %) (mol %) 
Benzene 3 ±1 97 0.3 ± 0.1 
Diethyl Ether 3±2 94 3 ± 0.3 
Neat 4 ±2 94 2 ±0.4 
2,6 Lutidine 4±1 92 4 ±0.8 
Quinoline 9±1 88 3 ± 0.3 
1-Methy limidazole 39 ±4 58 3 ± 0.4 
Pyridine 51 ±4 45 4 ± 0.1 
Reactions carried out at 25°C at 3.4 atm (50 psig) NO. 
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At room temperature it is c1ear that the amount of diazeniumdiolate formed 
under moderate nitric oxide pressure is not significant and that at the end of the 
reaction period, most of the starting amine is recovered, when the reaction is 
performed neat or in either benzene or ether. This observation also holds true for 
reactions done in quinoline and 2, 6 lutidine, demonstrated by the data presented in 
Table 4 in which approximately 90% of the dipropylamine is recovered. In all 
reactions minimal amounts of N-nitrosamine are formed, and this is believed to be 
due to trace amounts of oxygen present in the system. Nitric oxide - dipropylamine 
condensation reactions involving pyridine and 1-methylimidazole result in an 
increase in the amount of diazeniumdiolate formed, without a significant change in 
the amount of N-nitrosamine formed. The formation of N-nitrosamine in reactions 
involving amines and nitric oxide is well known 27,28 and results from the presence of 
adventitious oxygen according to equation (11). 
It has been reported by Itoh et al. Il,29 that N-nitrosamine may be formed from 
the reaction of secondary and tertiary amines with nitric oxide in nearly quantitative 
yield, in the absence of significant amounts of O2 in various organic solvents. Il In the 
presence of a small amount of oxygen, nitric oxide is converted into dinitrogen 
trioxide (N203) according to equations (12) and (13), which is a powerful nitrosating 
agent that Can then go on to nitrosate amines. 
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(12) 
The influence of solvent on the nitrosation rates of secondary amines has been 
studied extensively by Garcio-Rio et aZ 30 In their work it was demonstrated that the 
nitrosation of secondary amines, by nitrosating agents such as alkyl nitrites (R-O-
N=O), is dependent of the reaction medium. The nitrosation of aliphatic amines 
proceeds through the attack of nitrosonium cation (NO+), formed from N20 3 reacting 
with the amine nitrogen. 
The disproportionation of nitric oxide to give dinitrogen oxide and nitrogen 
dioxide is believed to be partly responsible for some of the N-nitrosamine formed in 
these reactions. There are many disproportionation reactions that nitric oxide can be 
involved in, sorne of which are presented below; however none of these occur to any 
appreciable extent under ambient conditions at 1 atm (Equations 14 - 17). 
2 NO(g) = N 2 (g) + O2 (g) (14) 
4 NO(g) = N 2(g) + 2 N02 (g) (15) 
4 NO (g) = O2 (g) + 2 N 20 (g) (16) 
3 NO (g) = N02 (g) + N 20 (g) (17) 
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It has been shown experimentally that the rates of the reactions may be 
increased through the use ofhigh temperature, catalysts or high pressure. Melia has 
studied the kinetics of the decomposition of nitric oxide under pressure at room 
temperature to give N02(g) and N20(g) and presented the following pre-equilibrium 
mechanism:31 
2 NO ~ N20 2 (18) 
NO + N20 2 ----. N02 + N20 (19) 
Reaction (18) is a fast equilibrium reaction that is followed by the rate 
determining reaction (19), to give (17) as the overall reaction. The N02 produced 
from this disproportionation reaction can ultimately react with another equivalent of 
nitric oxide to give the nitrosating species nitrogen trioxide according to (13). 
Therefore N-nitrosamine formed in these reactions may be a consequence of an 
increase in the concentration of NO dimer, which leads to an increase N02(g) and 
ultimately forms more N203. 
In summary, many ofthe organic solvents used in this study facilitate the 
production of diazeniumdiolate, which is beneficial for the synthesis of these 
biologically relevant compounds. It is interesting to note that the amount of 
carcinogenic N-nitrosamine remains relatively unchanged when great care is taken to 
remove all oxygen from the reaction medium. This is especially crucial in these 
reactions as it is well known that N-nitrosamine formation is faster in these organic 
solvents than in aqueous media. 32 
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4.3.3. Kinetics of Dipropylamine 's Reaction with Nitric Oxide in 
Sodium Methoxide Solution( Pr2N[N(O)NOINa +) 
The sodium derivative of the dipropyldiazeniumdiolate anion was prepared 
under various reactions conditions in an effort to examine the kinetics of this reaction. 
The typical preparation ofthese derivatives involves the condensation of NO with 
amine in 0.1 M sodium methoxide solutions.5 While this synthesis has been known 
for sorne time, the kinetics of this reaction has not been explored. In this work, the 
effect of nitric oxide concentration and temperature is examined to determine their 
influence on the rate of reaction. 
Kinetic studies were performed by following the rate of nitric oxide 
consumption by dipropylamine. AIl reactions were carried out in the presence of 
excess NO, thus the rates were studied under pseudo first order conditions. Figure 6 
shows a typical curve obtained in these reactions. 
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Figure 6. Pressure decay curve recorded during the condensation of 
dipropylamine by NO in O.lM sodium methoxide solution (50 psig,25°C). 
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In order to determine the reaction order with respect to amine, the method of 
initial rates was utilized. This method is valid in situations where other factors may 
be operative, such an increase in significance of the reverse reaction, or product 
inhibition or catalysis from subsequent reactions.33 The initial rate method avoids 
these complications and it has been shown by Casado et al. that the error associated 
with initial rate is unimportant if the extent ofreaction is less than 5%.34 The initial 
rate is very important for complex reactions that involve many steps, where 
secondary reactions and products may affect the rate. 
The order with respect to amine can be determined from a log-log plot. The 
slope of a [DP A] versus time plot is the initial rate of the reaction, which is most 
commonly expressed in the form: 
logko = mlog[DPA] + logk (20) 
Where ka is the initial rate and m is the slope of the Hne which gives the order 
with respect to dipropylamine. 
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Figure 7. Log-log plot for the reaction of dipropylamine and NO in 
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From the slope ofthe line, 0.9, it is clear that the reaction exhibits a first order 
dependence of the rate on amine concentration (Equation 21): 
d[DPA]/ dt = -kobs[DPA] (21) 
The first order dependency on amine concentration is in agreement with 
Drago's conclusion in his investigation into the reaction of diethylamine with NO. 14 
To establish the order with respect to nitric oxide in these reactions, values of 
kobs were determined for different NO concentrations in a solution of sodium 
methoxide. The concentration of amine was kept fixed, and the rate of reaction 
measured and a log-log plot obtained (Figure 8). Once again from the slope (1.3) of 
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the curve, it is evident that the reaction is first order with respect to the concentration 
of nitric oxide. 
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Figure 8. Plot of log kobs vs log [NO] for the reaction of NO 
with dipropylamine in 0.1 M sodium methoxide solution. 
-1.2 
The first order rate constants (kobs) for the different NO concentrations are 
presented in Table 4. Confirmation of the order ofnitric oxide was achieved by 
plotting the first order rate constants against [NO] (Figure 9). This plot shows a 
reasonably good linear fit, (indicated by R2 value of 0.91), and helps substantiate that 
the reaction is indeed first order in nitric oxide. A plot of kobs versus [NO]2 leads to a 
curve that deviates substantially from linearity (not shown). 
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Table 4. Pseudo-First Order Rate Constants for the Reaction 
of NO and Dipropylamine in 0.1 M Sodium Methoxide Solution 
Nitric Oxide 
Concentration (M) 
1.9 x 10-
2.4 x 10-
2.9 x 10-
3.4 X 10-2 
3.9 x 10-
4.8 x 10-
5.6 x 10-
-6 
-6 
-6 
-6 
-6 
The Ostwald coefficient for methanol (25°C) is L(NO) = 0.3485. 
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Figure 9. Plot ofk"bs vs [NO] for the reaction of NO with 
dipropylamine in 0.1 M sodium methoxide solution. R2=0.91 
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There are large errors associated with the reactions done using lower 
concentrations of nitric oxide. This may be attributed to the fact that at low NO 
concentrations the reaction is inherently slower, and there is not as much change in 
NO consumption, therefore errors associated with these measurements are large. 
Despite these errors, from the slope of the curve (Figure 9) the second order rate 
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constant in sodium methoxide solution at (25°C) 298 K is determined to be 7.4 x 10-4 
M -l -1 S . 
The first order dependency on nitric oxide concentration results in the 
experimentally determined rate expression of: 
d[P] = k[DPA][NO] 
dt 
(22) 
This rate equation supports the radical mechanism with the rate determining 
step involving one equivalent of NO. In this mechanism, the initial step, (the reaction 
of dipropylamine with nitric oxide), is the rate determining step (Le. k l< k2). The 
addition of the second equivalent of NO, as well as the proton transfer in the final 
step is believed to be rapid. 
Radical Intermediate: 
k1 "Trt-~-R2NH + NO ~ R2Nn Nu k-1 
R2NFNO- + NO ~ R2NFNONO 
- + 
R2NFNONO+ R2NH~ R2NN20 2 + R2NH2 
(4) 
(5) 
(6) 
If this statement is true, then the previously state rate expression (8) would simplify to 
equation (22), which is in accord with the experimentally determined rate law. 
140 
d[P] = k[DPA] [NO] 
dt 
(8) 
(22) 
On first glance, the rate law proposed in equation (22) does not appear to be 
consistent with the observations presented in Chapter 3. In this chapter attempts to 
prepare diazeniumdiolates directly from the condensation of a radical with NO were 
not successful. The implication of this result is that radical intermediates were not 
involved in the mechanism. Under the conditions utilized, high concentrations of 
radical anions were produced and there was an increased tendency for these anions to 
polymerize and undergo side reactions, which undoubtedly prohibited the formation 
of the diazeniumdiolates. In the reaction mechanism presented by equations (4-6), 
the concentration of nitrosamine radical is presumably low (steady state treatment 
applied), significantly decreasing the possibility of pol ymer formation allowing for 
the reaction of the radical with nitric oxide, which has a continuously high 
concentration, to proceed. 
As reaction rates are influenced by temperature, rate constants were obtained 
at various temperatures. Figure la depicts the pressure decay curves of nitric oxide 
consumption for the reaction of dipropylamine in sodium methoxide solution at four 
different temperatures. Rate constants were determined at 283 K (10°C), 288 K 
(15°C) and 308 K (35°C) in addition to 298 K (25°C). A plot of kobs versus liT gives 
a slope of EalR, where Ea is the activation energy and R is the Rydberg gas constant. 
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The activation energy for this reaction is calculated to be 61.9 kJ/mol from the slope 
of the plot presented in Figure Il. 
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Figure 10. Pressure decay curves for the synthesis of 
dipropyldiazeniumdiolate in 0.1 M sodium methoxide 
solutions at various temperatures. 
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4.3.4. Kinetics of Pyrrolidine 's Reaction with Nitric Oxide in Sodium 
Methoxide Solution (C4H8N[N(O)NOINa +) 
Kinetic studies investigating the reaction of pyrrolidine with nitric oxide in 
sodium methoxide solutions were also carried out. These experiments were done in 
order to examine what influence, if any, the nature of the amine has on the reaction 
mechanism. The values ofkobs obtained at five concentrations ofnitric oxide at 25°C 
are presented in Table 5. 
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Table 5. Pseudo-First Order Rate Data for 
the Reaction of Pyrrolidine with Nitric Oxide 
in O.lM Sodium Methoxide Solution 
[NO],M kobs (sec-1) 
9.7 x 10-3 4.5 X 10-6 ± 2 x 10-6 
1.5 X 10-2 7.5 x 1O-6 ± 5 x 10-7 
1.9 X 10-2 1.6 X 10-5 ± 4 x 10-6 
2.4 X 10-2 1.6 X 10-5 ± 2 x 10-6 
3.9 X 10-2 2.7 X 10-5 ± 3 x 10-6 
y ~ 1.3x -1.9 
R' = 1.0 
-2 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 
log [NO) [M) 
Figure 12. Plot of log kobs vs log [NO) for the reaction of NO 
with pyrrolidine in 0.1 M sodium methoxide solution. 
-1.3 
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A plot of log kobs versus log [NO] for the reaction of pyrrolidine with nitric 
oxide in sodium methoxide solutions is presented in Figure 12. The slope obtained 
from this curve is 1.3, which demonstrates that this reaction is first order in nitric 
oxide. The rate law for this reaction is therefore similar to that observed in the 
preparation of dipropyldiazeniumdiolate sodium salt, d~] = k[ amine] [NO] and 
indicates that the structure of the secondary amine (acyclic versus cyclic) does not 
alter the reaction mechanism. 
4.3.5 Kinetics ofPyrrolidinediazeniumdiolate (C4HSN[N(O)NOr 
C4HJO~) Formation in Non-Aqueous Solvents 
The reaction of pyrrolidine with nitric oxide to prepare pyrrolidine-
diazeniurndiolate (PYRROINO) as the pyrrolidinium salt (VIII) rather than the 
sodium salt was performed in a variety of solvents, to investigate the influence of 
solvent on the reaction (Scheme 5). Pyrrolidine has been shown to react faster with 
NO than many amines, 35 which simplifies kinetic measurements as the endpoint is 
easily reached. 
20 
N 
1 
H 
2NO 
Solvent 
R.T. 
Scherne 5. Preparation of pyrrolidinediazeniurndiolate pyrrolidiniurn salt. (PYRROINO) 
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The rate of diazeniumdiolate formation in diethyl ether, pyridine and 1-
methylimidazole was compared to the reaction without solvent (neat). The reactions 
were carried out at a NO pressure of 50 psig (3.4 atm). The first order rate constants 
obtained in the various solvents are presented in Table 6. 
Table 6. Pseudo-First Order Rate Data for the Reaction of 
Pyrrolidine with Nitric Oxide in Various Solvents 
Solvent [NO], M kobs (sec- l ) 
Neat 0.14 1.2 x 10-5 ± 2 x 10-6 
Diethylether 0.06 1.1 x 10-5 ± 4 x 10-7 
Pyridine 0.02 1.1 x 10-5 ± 3 x 10-6 
l-Methylimidazole 0.02 6.9 x 10-6 ± 2 x 10-6 
Reactions carried out at room temperature at 3.4 atm (50 psig) NO. 
Concentration of pyrrolidine 4.6 M. 
Unlike the dipropylamine reactions, the time required to reach completion (no 
more nitric oxide consumption) is faster for pyrrolidine, and as a result a complete 
first order kinetic profile can be obtained. These results indicate that the nature of the 
amine in these reactions significantly influences the rate of reaction. There is no 
complete nucleophilicity scale, however for amines it has been suggested that the two 
most important factors for nucleophilicity are basicity and sterics. The relative rates 
of the diazeniumdiolation reaction may be explained on this basis. Pyrrolidine is 
more basic than dipropylamine, (pKa = Il.3 and Il.0 respectively),36 and its lone 
pairs are more exposed, it therefore may react faster with an electrophile (NO) at 
room temperature. Similar to the formation of the acyclic diazeniumdiolate 
(dipropyldiazeniumdiolate), there is no significant rate enhancement observed when 
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nitric oxide is reacted with pyrrolidine in the various organic solvents. Unlike 
dipropylamine however, the rate of nitric oxide consumption is an order of magnitude 
slower in 1-methylimidazole. This is very different from the dipropylamine reaction 
in which there is an order of magnitude increase in rate in this solvent. This 
difference highlights how variations in amine structure and nucleophilicity influence 
the rate of which diazeniumdiolate anions will be formed. 
In addition to influencing the rate of reaction, there is also an amine 
dependence to the intrinsic stability of the diazeniumdiolate formed. Due to the 
instability ofPYRRO/NO, quantitative information pertaining to overaU product yield 
is difficult to obtain from weighed samples of the dry product. The decomposition of 
the cyclic diazeniumdiolate is rapid, occurring instantly upon exposure to air and 
moisture at room temperature. The pyrrolidine adduct with NO decomposes to give 
starting amine (pyrrolidine) and two equivalents ofnitric oxide. However, since most 
of the decomposition occurs upon workup of the anion salt, when it is exposed to air, 
a significant amount of nitrosopyrrolidine is formed. To determine the amount of 
diazeniumdiolate formed during these reactions, the moles of nitric oxide consumed 
was calculated to determine the moles ofpyrrolidine-NO adduct formed (Table 7). It 
is clear from the results presented in this table, that there is not much variance in the 
amount of product formed when pyrrolidine is treated with NO in diethylether, 
pyridine and 1-methylimidazole. The value of86.6 ± 12 % yield obtained when no 
solvent is introduced into the system, is within the experimental error of the amount 
of diazeniumdiolate formed in aU of the other solvents. This is very different from 
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what is observed for the acyclic dipropylamine - NO condensation reactions, the 
solvent influences the amount of diazeniumdiolate recovered at room temperature. 
Table 7. Calculated Yield of Pyrrolidine -
NO adduct in Various Solvents 
Solvent Moles of Moles of NO Amine Consumed 
Neat 1.46 x 10'2 1.27 X 10'2 
Diethylether 1.46 x 10'2 1.14 X 10'2 
Pyridine 1.46 x 10'2 1.11 X 10'2 
I-Methylimidazole 1.46 x 10'2 1.25 X 10'2 
Yield, % 
86.6 ± 12 
78.3 ± 6 
76.2 ± 6 
85.8 ± 7 
Reactions carried out at room temperature at 3.4 atm (50 psig) NO. 
Kinetic data for the formation ofPYRRO/NO in various solvents allowed for 
the order with respect to nitric oxide concentration in these reactions to be 
established. Values ofkobs were determined for different NO concentrations in 
diethylether, pyridine and 1-methylimidazole. Additionally, kobs values were acquired 
for reactions done without solvent at various NO pressures. A log-log plot of k obs 
versus [NO] is presented in Figure 13. The slopes for each of the curves presented in 
Figure 13 do not reveal simple first order dependencies on nitric oxide concentration. 
In fact there appears to be significant differences in the value of the slopes, and thus 
the order with respect to the concentration of nitric oxide, dependent upon the solvent 
in which the reaction was performed. 
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Figure 13. Plot oflog kobs vs log [NO] for the reaction of NO 
with pyrrolidine in various solvents. 
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Due to the differences in NO solubility in the various solvents as indicated by 
their Ostwald coefficients, two nitric oxide concentration regimes were probed. The 
NO concentration in pyridine and 1-methylimidazole solutions was at the lower end 
of the concentration scale, while reactions done in diethylether or without solvent 
allowed for higher effective NO concentrations to be reached. The variation in order 
with respect to nitric oxide reveals that the true rate law may not be as simple as 
previously believed, and it may involve multiple terms. The proposed rate law from 
the observations presented in this work is therefore: 
(23) 
Integration ofthis expression leads to an equation of the form (assuming the 
concentration of amine to be constant):3? 
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(24) 
In accordance with this expression (Equation 24), ifreactions are done at low 
enough nitric oxide concentrations, the second order kinetic term will not contribute 
appreciably and kt can be ascertained. Therefore at low nitric oxide concentrations 
the reaction exhibits a first order dependence on [NO], which is in agreement with 
what is observed in the case of the NO - amine condensation reactions in pyridine 
and I-methylimidazole where the experimental NO orders are 1.0 and 1.1 
respectively. For the reactions carried out in 0.1 M sodium methoxide solutions 
(previous sections), the concentration ofnitric oxide was in the low regime, and the 
order with respect to nitric oxide was found to be 1.3, which is in keeping with the 
rate law at low [NO]. 
Treatment of multi-term rate expressions to explain differences in reaction 
order as a function of reactant concentration is well founded,37,38 and by utilizing this 
approach it is clear that only at higher [NO] will the second order kinetic term be 
significant. This is exemplified by the data in Figure 13 in which at higher nitric 
oxide concentration there is an increase in the apparent rate constant (kobs). Thus 
according to Equation 24, k2 will be significantly larger and the second order term 
will predominate. The slope of the curves for diazeniumdiolation reactions done at 
higher nitric oxide concentrations c1early illustrates this point, with slopes of 
approximately two (2.1 and 1.9) obtained experimentally. Therefore at higher nitric 
oxide concentration, it is the NO dimer that reacts with the nucleophilic amine to 
form diazeniumdiolate. 
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To test the validity of the proposed rate law in Equation 23, 
diazeniurndiolation reactions were carried out using lower concentrations of nitric 
oxide in diethylether. The result of these experiments in presented in Figure 14 in 
which there is a noticeable shift in the slope of the curve from that presented in Figure 
13. The previously second order curve (obtained at higher nitric oxide 
concentrations), becomes tirst order as the concentration of nitric oxide is lowered. 
This is validated by the value of 1.1 obtained for the slope of the line illustrated in 
Figure 14 at low NO concentration. Second order rate constants (k2) were calculated 
using a treatment analogous to that used by Espenson,37 and for the reactions done in 
diethylether and neat k2 = 9.2 X 10-6 M-Isec- l and 5.3 x 10-6 M-I sec-l respectively. 
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Unfortunately due to limitations in the available pressure regimes, lower 
concentrations of nitric oxide in diethylether could not be accessed. It is 
hypothesized however that lowering the NO pressure, and thus the concentration of 
nitric oxide, would further substantiate that the curve of the line will have a slope of 
1.0, consistent with a first order dependency on [NO] under the experimental 
conditions used in this work. 
4.4 Conclusions 
It is possible to increase the amount of diazeniumdiolate anions formed by 
varying the solvent in which the anions are prepared. The ability to greatly improve 
the quantity of diazeniumdiolate generated using moderate nitric oxide pressure at 
room temperature, is noteworthy because of the possibility to use such a synthetic 
approach to pro duce diazeniumdiolates of biological importance. The increase in rate 
observed in the formation of the acyclic diazeniumdiolate, dipropyldiazeniumdiolate, 
in 1-methylimidazole is presumably due to catalyst structure. It is the ability of 
imidazole to act as a general base catalyst that leads to the slight rate acceleration in 
the formation ofthis diazeniumdiolate. As no significant rate increase is observed for 
reactions done in quinoline, benzene and pyridine the hypothesis of an enhancement 
in nitric oxide dimer in aromatic solvents leading to an increase in diazeniumdiolate 
formation could not be substantiated. It appears that solvent basicity (nucleophilicity) 
rather nitric oxide solubility influences the ability of the solvent to act as a catalyst. 
The nature ofthe secondary amine, (acyclic vs. cyclic), was found to 
influence the extent of which solvent will increase the rate of the reaction. The cyclic 
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amine, pyrrolidine, when reacted with nitric oxide produces diazeniurndiolate at a 
faster rate compared to dipropylamine. Additionally, it was shown that the solvent 
dependency on the amount of diazeniumdiolate anion formed, was not a general trend 
for aU secondary amines. Acyclic secondary amines exhibited a strong solvent 
dependency on solvent, while acyclic amines were unaffected by solvent. 
The rate law for the amine based diazeniurndiolation reactions was determined 
to be multi-term, with a first order nitric oxide dependence observed at low [NO]. 
Vnder these conditions, it is the NO monomer that appears to react in a step-wise 
manner to produce diazeniumdiolate. As the concentration of nitric oxide is 
increased, the second order rate constant increases, and the second order dependency 
on nitric oxide concentration becomes much more significant. Thus at elevated NO 
concentrations, it is the NO dimer that acts as the electrophile in the 
diazeniurndiolation reaction. The results presented herein illustrate that the nature of 
the electrophile, (NO monomer versus dimer), in these diazeniumdiolation reactions 
can be influenced by controlling the concentration of NO in solution at room 
temperature. What is implied by the kinetics presented herein, is that the stepwise 
addition of NO to nucleophiles occurs stereoselectively to give the Z isomer, which is 
the same isomer formed in the nucleophilic addition ofthe dimer. This is the second 
example of an E/Z stereospecific reaction of nitric oxide with a n* radical; the first of 
which is the reaction of nitric oxide with superoxide to give cis-peroxynitrite.39,40 
The reaction ofnitric oxide with secondary amines may represent a novel radical-
radical condensation strategy for the formation of Z-stereoselective multiply bonded 
adducts. 
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5. Decompositon of Nitrogen- Sound Diazeniumdiolates 
5.1 Diazeniumdiolate Decomposition 
It is weIl established that the decomposition of diazeniumdiolate anions in 
solution is dependent upon their structure, as weIl as the pH and tempe rature of the 
reaction medium. 1-5 The decomposition ofthese compounds is ofinterest, not 
only for practical reasons such as storage and handling, but for the mechanistic 
information that it may provide. Diazeniumdiolates are effective compounds for 
studying the effects of nitric oxide in chemical, biochemical as weIl as cellular 
experiments.6-8 The rate of decomposition of diazeniumdiolates derived from 
secondary amines, is a function of the amine and there have been a wide array of 
diazeniumdiolates prepared that have half-lives ranging from seconds to days in 
pH 7.4 buffer solutions at 37°C (Figure 1 ).1,5,9 
CXc02-Na+ 
N \ 
1 H 
+N 
-0/ ~N 
Na+ ~ 
PROU/NO 11/2 -2 S 
DPTNNO 11/2 -3 h 
DENNO 1112 -2 min 
DETNNO 11/2 -20 h 
PAPNNO 11/2 -15 min 
V-PYRRO/NO 11/2 -1.5 monlh 
Figure 1. Structures and half-lives for sorne typical arnine-derived diazeniurndiolates 
at pH 7.4 and 37°C. l 
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Keefer et al. have demonstrated that the decomposition of non-alkylated 
diazeniumdiolates is pH and temperature dependent? With respect to pH, the 
decomposition ofthe diazeniumdiolate proceeds slowly at pH values >9 and shows 
moderate decomposition at pH 7. In acidic media decomposition is almost 
instantaneous. 1,2 Decomposition ofthese compounds leads to the dissociation of 
nitric oxide and formation of the parent amine (Scheme 1). The dissociation of 
secondary amine derived diazeniumdiolates follows pseudo-first-order rate laws, 
with kobs dependent on the pH ofthe solution (Equations 1-3). A useful tool that 
has been employed to monitor the decomposition of diazeniumdiolate anions is 
ultraviolet (UV) spectroscopy. This spectroscopic technique has proven useful as 
diazeniumdiolate ions (1) (Figure 2), adducts of secondary amines and nitric oxide, 
have characteristic absorption maximum at 250-254 nm in either sodium hydroxide 
or phosphate buffer solutions?,6 
0-
1 W 
R2N--W~ • ~ -
2 NO + R2NH 
(1) N-O 
Scheme 1. Decomposition of amine derived diazeniumdiolates 
(1) 
(2) 
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(3) 
Figure 2. Diazeniumdiolate anion 
The decomposition of simple diazeniumdiolates having a structure similar to 
that shown in Figure 1, involves the single protonation of the amine nitrogen 
followed by the rate determining release of nitric oxide. The effect of protonation 
in these dissociation reactions has been extensively examined using ultraviolet 
spectroscopie techniques. Protonation of these anions is characterized by a shift 
in the ultraviolet spectrum to lower wavelength, with Âmax for the diazeniumdiolate 
anion shifting from 250-248 nm to 228-232 nm? Figure 3 shows the typical shifts 
in Âmax as pH is decreased from a value of 7 to 2, for two diazeniumdiolate 
compounds; the zwitterionic piperazin-l-yl analogue (II) and triamine (III). 2 
1\ 7 
HN N-N + 
"'---1 +~_6 Na 
(II) 
158 
~~ 2flO 
250 
T 
-J 2«l 
Dl 
II 
(III) 
• •• 
(II) 
Figure 3. Change in "'max for diazeniumdiolates (II) 
and (III) as a function of solution pH. 2 
In determining the specific site of protonation, UV spectroscopy was utilized. 
Protonation ofthe diazeniumdiolate moiety (i.e. at position 01, N2 or 02 in Figure 
4) leads to substantial shifts in "'max. Protonation or methylation ofN2 (i.e. 
tautomer VII) results in a significant red shift, as evidenced by the increase in "'max 
for CH3[NONO-] (248 nm---+ 265 nm)? Since the spectral shift observed upon 
lowering pH is a blue shift, it was concluded that this site was not likely 
protonated. Protonation/methylation at 01 (VI) and 02 (V) wou Id most likely 
result in the observed spectral shift (blue shift: 232 and 234 nm respectively), 
however protonation at position 01 leads to the formation of a nitroso species 
which in addition to a shift from 250---+ 230 nm, would result in an n---+n* peak 
between approximately 300 and 400 nm being present. This peak, characteristic 
ofnitroso (R2N-N=0) species, is not detected upon protonation ofthese 
compounds. Theoretical calculations done by Taylor et al. 10 show the charge 
density on 01 and 02 to be similar and therefore protonation can be expected to 
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occur equally at both sites. However, the energies for the optimized geometries of 
the tautomers generated upon protonation X[NONO]H, does indicate a preference 
for protonation at 02. The observed spectral results suggest that 01,02 and N2 
are not significantly protonated at low pH, and it is likely that protonation occurs at 
the amine nitrogen.2 
This is in accord with kinetic data presented by Davies et al., in which as a 
result of the similarity in kinetically determined pKa values for a series of 
secondary amine derived diazeniumdiolates, protonation ofthe amine nitrogen 
(Figure 5, IV) was concluded to be the pathway for the dissociation of 
diazeniumdiolate ions.2 The site ofprotonation is under thermodynamic control, 
with different diazeniumdiolates exhibiting differing half-lives as a result oftheir 
ability to tautomerize (Scheme 2). The more the equilibrium lies to the left 
(protonation of amino nitrogen), the more facile the decomposition (Le. faster 
decomposition). Protonation of the amino nitrogen leads to a transition state 
(III) 
Figure 4 
"~ 
160 
-R 0 
\ +1 N-N 
1 ~ 
R N-OH 
(IV) (V) 
R OH 
\ +1 N-N 
1 ~ 
R N-O 
-R 0 
\ +1 N-N 
1 ~ 
R N-O 
(VI) (VII) 1 -
H 
Figure 5. Possible monoprotonation products.2 
-R 0 
\+ +1 N-N 
Il ~ 
R H N-Q 
-R 0 
\ +1 N-N 
1 ~ RN-OH 
Scheme 2. Tautomers that determine reaction rate. 
It has been demonstrated that the conditions under which diazeniumdiolate 
anions decompose greatly influences the nature ofthe products produced. 
Decomposition in the absence of oxygen results in the formation oftwo 
equivalents of nitric oxide and amine, however in the presence of oxygen 
nitrosamines and nitrite containing species are produced. 11 In the presence of 
oxygen, the diazeniumdiolate as the dialkylammonium derivative (R2NN20 2-
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R2NH/) slowly oxidizes to dialkylammonium nitrite and dialkylnitrosamine 
according to the equation: 
(4) 
The decomposition of diazeniumdiolate anions is of considerable interest for 
the mechanistic information it can provide, in addition to the insight it will give 
relevant to their pharmacological applications. Dissociation rates of 
diazeniumdiolates in both aqueous and non-aqueous solutions is important, as use 
ofthese NO donating compounds will not only be affected by the pH ofthe 
aqueous reaction medium, but also by areas in the body more hydrophobic in 
/~. 
nature. 
In this work, the concept of microscopic reversibility is invoked in examining 
the decomposition of the diazeniumdiolate anion in basic aqueous solutions as weB 
as in organic solvents. This princip le was formulated to describe elementary 
reactions at equilibrium in which there is no formation of intermediate complexes 
(Equation 5). 
(5) 
The principle of microscopic reversibility for reactions at equilibrium states 
that the favoured reaction path (mechanism) in the forward reaction must be the 
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reverse ofthat in the opposite direction. The relationship between the ratio of the 
rate constants for the forward and reverse reaction (kfand k r ) corresponds to K (the 
equilibrium constant) (Equation 6).12 
(6) 
Where K=CB/CA is the equilibrium constant given by the ratio of the equilibrium 
concentrations ofB and A, CB and CA respectively. This definition paraphrases the 
statement ofthe princip le given by R.e. Tolman in 1925 about systems at 
thermodynamic equilibrium.12 This principle is utilized to understand the 
decomposition of diazeniumdiolate anions as their dialkylammonium salts in 
various solvents. 
5.2 Experimental 
5.2.1 Preparation of Dipropyldiazeniumdiolate Dipropylammonium 
Salt (Pr2N[N(O)NOIPr2NH2 +) 
A Parr high-pressure glass reaction bottle equipped with a magnetic stirbar 
was fitted to a gas manifold. Dipropylamine (4 mL, 0.0146 mol) and 2 mL of 
pyridine was then added, to the bottle, which had previously been evacuated and 
flushed with nitrogen. The solution was stirred and degassed by purging the 
headspace with nitrogen and then nitric oxide (3.4 atm) was introduced. The 
pressure was held isobaric throughout the reaction at room temperature. Upon 
completion ofthe reaction (no further gas consumption), excess nitric oxide was 
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vented and the reaction mixture flushed with nitrogen. The white precipitate 
formed was filtered, washed with diethylether and dried in a vacuum oven at room 
temperature. (For full characterization refer to Chapter 4). 
5.2.2 Preparation of Pyrrolidinediazeniumdiolate Pyrrolidinium Salt 
(C4HsN[N(O)NOIC4H lOlt) 
The same reaction conditions and procedure as the dipropylamine reactions 
were utilized. In this instance, pyrrolidine (1.2 mL, 0.0146 moles) and 2 mL of 
pyridine was added to the reaction vessel, which had previously been evacuated 
and flushed with nitrogen. 3.4 atm of nitric oxide was introduced as the sample 
was stirred throughout the entire reaction period. The white precipitate formed 
was filtered and washed with diethylether and dried in a vacuum oven at room 
temperature. (For full characterization refer to Chapter 4). 
5.2.3 UV-Vis Kinetic Studies in Aqueous Solution 
Sodium hydroxide (NaOH) and tetramethylammonium hydroxide (TMAOH) 
solutions were freshly prepared prior to use. To a quartz cuvette, 2 mL ofNaOH 
or TMAOH solution (initial pH adjusted to 7 or pH Il) was added and to it 
approximately 0.001 mmol dipropyldiazeniumdiolate as the dipropylammonium 
cation was added. Rate constants were measured spectrophotometrically at 37° C 
by monitoring the decrease in absorbance ofthe diazeniumdiolate chromophore at 
248 nm using a Hewlett-Packard 8451A diode array UV-vis spectrophotometer. 
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5.2.4 lH NMR Kinetic Studies 
A J-Young NMR tube (a NMR tube sealed with a Teflon stopcock) containing 
0.015 mmol of diazeniumdiolate, internaI standard, (hexamethylbenzene or 
tetramethylammonium hydroxide), and 500 III of the appropriate deuterated NMR 
solvent, (d6-benzene, ds-pyridine or NaODID2û), was assembled under nitrogen in 
a glove box. The deuterated solvent was added immediately prior to removal of 
the tube from the glove box and immediately (less than 5 minutes) taken for 
analysis by IH NMR spectroscopy. Data used to calculate rates were recorded on 
a 400-MHz Varian XL Fourier transform NMR spectrometer. A delay time of 1 
second was used and spectra were recorded every minute for the first 10 minutes, 
and then every 5 minutes for a total acquisition time of 34 minutes. AU spectra 
were recorded at 25°C, five minutes after solvent addition. For the benzene 
decomposition profile the sample was prepared in an identical manner; however IH 
NMR spectra were recorded every minute for a time period of two hours. 
5.2.5 UV-Vis Kinetic Studies in Non-Aqueous Solvents 
The decomposition of the diazeniumdiolate was measured using an HP8451A 
diode array spectrophotometer. A freshly prepared, concentrated solution of 
dipropyldiazeniumdiolate as the dipropylammonium salt (2 mL, 0.025 M, 5x10-s 
mol) in benzene was added to a quartz cuvette and sealed. Kinetic measurements 
were then recorded over a period of two hours, with data acquired every minute 
during this time. For anaerobic measurements, the sample was prepared as above 
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under nitrogen in a glovebox, the cuvette sealed and removed from the glovebox 
for UV-Vis analysis. 
5.3 Diazeniumdiolate Decomposition in Aqueous Solution 
5.3.1 UV- Vis Decomposition Profiles in Aqueous Solutions 
As most of the UV-Vis kinetic studies carried out on the rate of decomposition 
ofN-diazeniumdiolates have been performed in aqueous solutions, (sodium 
hydroxide or phosphate buffer),1,2 it was hypothesized that any difference in rate 
observed in these buffers may be influenced by the presence ofthe sodium cation 
(Na+). In sodium hydroxide solutions, Na+ can coordinate to the diazeniumdiolate 
anion forming a sodium salt which has been suggested to be much more stable than 
the dialkylammonium salt (Equation 7).1 
To determine to what extent the cation influences the rate of decomposition of 
the diazeniumdiolate anion, two solutions were prepared having the same pH 
value, but different cations (Figure 6). Tetramethylammonium hydroxide 
(TMAOH) and sodium hydroxide (NaOH) solutions were prepared (pH 7 adjusted 
distilled water and pH Il) and the rates of decomposition of the 
dipropyldiazeniumdiolate anion were determined. Dissolution of the 
diazeniumdiolate in both of the alkali solutions results in a Âmax at 248 nm in the 
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UV. Thus, the cation does not significantly alter the ground state properties of the 
anion. 
+ 
Na 
Figure 6. Cations used in investigation 
In Figure 7, the decomposition profiles for the diazeniumdiolate anion in pH 7 
adjusted water solutions, (source of distilled water slightly acidic), obtained by UV 
spectroscopy are shown. In both UV spectra there is a single isosbestic point. 
First order rate values for the pH 7 solutions show that there is a cation dependence 
on the rate of decomposition of the diazeniumdiolate anion, as the first order rate 
values obtained are 5.6 xl0-4 ± 2.0 x 10-5 sec- I (2.0 ± 0.07 h- I) and 9.0 x10-4 ± 4.2 x 
10-5 sec- I (3.2 ± 0.15 h- I) for sodium hydroxide and tetramethylammonium 
hydroxide solutions respectively. There is a marked difference in the apparent 
half-life (tll2) at pH 7 for the diazeniumdiolate anion which is highly dependent 
upon the cation, exemplified by the tl/2 of approximately 1 hour (55 minutes) in 
sodium hydroxide solution compared to only 15 minutes in tetramethylammonium 
hydroxide solution. 
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Figure 7. Decomposition profile of dipropyldiazeniumdiolate in pH 7 solution. 
a) TMAOH solution, b) Na OH solution and c) Kinetic profile. 
Measurements taken at 37°C 
2.5 
In agreement with previous studies the diazeniumdiolate anion is stable in 
basic solutions? This is exemplified by the absorbance profile in alkaline 
solutions, (pH Il sodium hydroxide and tetramethylammonium hydroxide), where 
there is no significant decomposition of the diazeniumdiolate anion. This is 
depicted in Figure 8, which c1early indicates that the absorbance at 248 nm does 
not vary significantly over the time course studied in sodium hydroxide, with only 
a slight amount of decomposition occurring in tetrmethylammonium hydroxide. 
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Figure 8. Decomposition profile of dipropyldiazeniumdiolate in pH 11 solutions at 37°C. 
5.4 Diazeniumdiolate Decomposition in Non-Aqueous Solvents 
Despite aIl of the research that has been done in order to examine the 
kinetics of diazeniumdiolate decomposition in aqueous media, research into their 
decomposition in non-aqueous solvents has not been probed. This is not 
surprising as, most of the interest in these compounds is the result oftheir 
biological relevance. Therefore kinetic studies that are not biologically 
significant have not found a place in the literature pertaining to these compounds. 
Although amine derived diazeniumdiolates can be formed in non-aqueous 
solvents, research has shown that when re-dissolved in the same media in which 
they were prepared, a marked increase in the rate of decomposition to amine and 
nitric oxide is observed in comparison to aqueous solvents. To understand the 
decomposition ofthese anions in non-aqueous solutions, the kinetic profile for a 
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couple of diazeniumdiolate anions was investigated in benzene and pyridine. The 
kinetic data for the decomposition of dipropyldiazeniumdiolate and 
pyrrolidinediazeniumdiolate (VII and VIII respeetively) in the non-aqueous 
solvents are presented, their deeomposition profiles determined using UV -Vis and 
NMR spectroscopie techniques. 
DPAINO (VII) 
PYRRO/NO (VIII) 
Figure 9. Dipropyldiazeniurndiolate anion (DP AINO) and 
Pyrrolidinediazeniurndiolate anion (PYRROINO). 
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5.4.1 1 H NMR Kinetics: Decomposition Profiles in Non-Aqueous Solvents 
5.4.1.1 Dipropyldiazeniumdiolate' s Decomposition Kinetics 
The decomposition profiles obtained by I H NMR spectroscopy of 
dipropyldiazeniumdiolate (DPAINO) in dti-benzene, d5-pyridine and aqueous 
sodium hydroxide solution (pD 12.5) are shown in Figure 10. It is evident that the 
rate of decomposition is solvent dependent, with benzene resulting in a decrease of 
diazeniumdiolate anion at a much faster rate than when sodium hydroxide is used. 
Within five minutes of solvent addition, the diazeniumdiolate has already begun its 
decomposition. In basic aqueous media, however over the same time course, the 
concentration of diazeniumdiolate remains constant. A comparison ofthe 
decomposition profile of dipropyldiazeniumdiolate in pyridine (Figure 10) 
compared to benzene, illustrates the rapid decomposition of the anion in this 
solvent. Within five minutes ofpyridine addition to the sample, most of the 
diazeniumdiolate has already decomposed to the free amine and nitric oxide. The 
decomposition is so rapid that within 8 minutes of solvent addition, the 
diazeniumdiolate anion resonances has either fallen below the detection limit of the 
IH NMR spectrometer or has completely decomposed. The rapid decomposition 
of dipropyldiazeniumdiolates observed in pyridine may be explained in terms of 
acid-base chemistry. The pyridine nitrogen may readily remove a proton from the 
dipropylammonium cation, resulting in the formation of the free amine and 
pyridinium cation, thereby facilitating decomposition of the anion. 
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Figure 10. Decomposition profile of dipropyldiazeniumdiolate anion in various 
solvents under an atmosphere of nitrogen at 25°C. 
In an effort to try to retard the decomposition of the diazeniumdiolate anion in 
pyridine solutions, base was added to "soak up" any free protons in the system. 
Initially triethylamine (NEh) was used as a base to slow down the anions' 
decomposition, however under the conditions used, decomposition of the 
diazeniumdiolate still occurred in less than five minutes after pyridine addition. 
Many attempts were made to try and observe the anion in pyridine with NEt3 as a 
base, however none proved successful. The addition of tetramethylammonium 
hydroxide into the pyridine solutions as a suspension did however result in a 
decrease in the rate of diazeniumdiolate decomposition (Figure Il). The 
diazeniumdiolate anion can still be detected approximately 40 minutes after 
pyridine addition, which is a marked increase in stabilization in comparison to the 
less the 5 minutes observed in pyridine al one (Figure 10). This observation 
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supports the hypothesis of protons facilitating the decomposition of the 
diazeniumdiolate anion in pyridine. Mixed solvent systems did not significantly 
alter the rate of decomposition of the diazeniumdiolate anion. This is clearly 
shown in Figure Il, in which solutions of 50:50 (v/v) benzene and pyridine 
mixture only affords only a two-minute "stabilization" ofthe anion, which is 
comparable to the pyridine only case, and vastly different from the benzene only 
experiment. 
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Figure 11. Decomposition profile of dipropyldiazeniumdiolate anion in 
pyridinerrMAOH solution and 50:50 (v/v) benzene/pyridine solutions under an 
atmosphere of nitrogen. 
The slower rate of decomposition ofthe anion observed in benzene 
compared to pyridine is no doubt the result of the lack in proton accepting ability of 
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benzene. As decomposition of diazeniumdiolate anions is acid catalyzed, proton 
transfer from the dialkylammonium cation to the anion is necessary. The ease at 
which this proton transfer can occur dictates how readily the diazeniumdiolate will 
decompose. Ion pairing, is facilitated in pyridine in comparison to benzene, (Le. 
the cation and anion are in proximity to allow for proton transfer to occur more 
readily), and thus the rate of decomposition is decreased in benzene. 
The rate of decomposition for the complete conversion ofthe anion to 
nitric oxide and dipropylamine in benzene under anaerobic conditions was 
elucidated using tH NMR spectroscopic kinetic techniques. The first order plot of 
the initial rate (kobs) for the decomposition of the anion is shown in Figure 12, and 
is experimentally determined to be 4.3 x 10-4 ± 6.4 x 10-6 sec-1 using linear 
regression. 
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Figure 12. First order initial rate of DPAINO decomposition in benzene. 
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This initial rate is an order of magnitude faster, than the aqueous 
decomposition of dipropyldiazeniumdiolate anion in pH 7 sodium hydroxide and 
tetramethylammonium solutions. 
5.4.1.2 Pyrrolidinediazeniumdiolate 's Decomposition Kinetics 
The decomposition kinetics of pyrrolidinediazeniumdiolate (PYRRO/NO) 
was also evaluated by IH NMR spectroscopy. The decomposition of 
diazeniumdiolate anions derived from pyrrolidine is known to occur at a faster 
rate than that of acyclic secondary amine derived diazeniumdiolates, such as 
dipropyldiazeniumdiolate (DPA/NO) in aqueous solution at 37°C. Even at 
-20°C the decomposition ofPYRRO/NO occurs at an appreciable rate 
compared to DPA/NO. It has been observed that the former de composes to 
nitrosamine if oxygen is present within a matter of days at cold temperature, 
whereas the latter under the same conditions is stable for months. The 
decomposition profile of the pyrrolidine derived diazeniumdiolate was 
examined by IH NMR in pyridine under anaerobic conditions, to evaluate the 
stability of the anion in this solvent. The first order plot ofthe rate (kobs) for 
the decomposition of the anion is presented in Figure 13, and the first order 
rate constant for its decomposition was determined to be 3.5 x 10-4 ± 4.5 x 10-5 
sec- I using linear regression. 
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Figure 13. First order initial rate of PYRROINO decomposition in pyridine. 
Upon dissolution ofPYRROINO in pyridine, there is the rapid 
dissociation of nitric oxide from the anion to give pyrrolidine, evidence of 
which is seen in the I H NMR spectrum. Analysis ofthe kinetic data 
illustrates that the decomposition ofPYRROINO in pyridine does not appear 
to occur as rapidly as for DPAINO. The former can still be monitored by IH 
NMR spectroscopy nearly 15 minutes after dissolution in pyridine, whereas 
DPAINO has completely decomposed, (or fallen below the detection limit of 
the spectrometer), within 8 minutes of pyridine addition. This difference in 
stability may be a reflection of the increased basicity ofPYRROINO 
compared to DP AlNO, which results in its decreased rate of decomposition in 
aprotic non-aqueous media. 
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5.4.2 UV- Vis Kinetics: Decomposition in Non-Aqueous So/vents 
In addition to NMR spectroscopy, the decomposition kinetics of 
N-diazeniumdiolates was also evaluated using UV-Vis spectroscopie techniques 
under both aerobic and anaerobic conditions. Dipropyldiazeniumdiolate 
dissolved in benzene in the presence of air results in the appearance of several 
bands in the UV-Vis spectrum (Figure 14). The presence ofa band at 298 nm is 
attributed to the diazeniumdiolate (NONO-) chromophore in benzene. This 
assignment is made, since dissolution ofthe diazeniumdiolate results in the 
decrease in the 298 nm band, with the concomitant increase ofthree bands located 
at 350 nm, 363 nm and 372 nm. These weak bands are believed to be due to the 
formation of nitrosamine. The formation of dipropylnitrosamine is anticipated, as 
nitrosamines are readily formed when diazeniumdiolates decompose in the 
presence of oxygen. To validate that the se bands were indeed due to nitrosamine, 
an authentic sample of dipropylnitrosamine was prepared and analysed by UV-Vis 
spectrometry in benzene. The result of this analysis was the appearance of bands 
in the UV at 350 nm, 361 nm and 372 nm. The experimentally determined first 
order rate constant for the decomposition of dipropyldiazeniumdiolate at room 
temperature is 9.5 x 10-4 ± 4.9 x 10-6 sec-l • The decomposition profile ofthis anion 
in benzene under aerobic conditions is presented in Figure 15. 
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Figure 14. Initial UV-Vis curve of dipropyldiazeniumdiolate decomposition in benzene. 
/~ 
1.6 
1.4 
1.2 
~ 
0.8 
0.6 
0.4 
0.2 
0 
Figure 15. Decomposition profile of dipropyldiazeniumdiolate 
decomposition in benzene (25°C, aerobic conditions). 
The kinetic profile for the decomposition of dipropyldiazeniumdiolate in 
benzene under anaerobic conditions is shown in Figure 16. Over the time course 
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investigated, (two hours), the rate of decomposition ofthe diazeniumdiolate is 
measured to be 4.1 x 10"4 ± 4.4 x 10"6 sec"!. Under anaerobic conditions no 
dipropylnitrosamine is formed, evidenced by the fact that there are no bands 
appearing in the region of350- 380 nm in the spectrum. Decomposition of the 
diazeniumdiolate in benzene under an atmosphere of nitrogen, leads directly to the 
production of free amine and two equivalents of nitric oxide, which give no 
absorption in the UV spectrum. 
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Figure 16. Decomposition profile of dipropyldiazeniumdiolate 
decomposition in benzene (25°C,anaerobic conditions). 
A comparison of the first order rate values for the decomposition of 
dipropyldiazeniumdiolate in benzene under anaerobic conditions obtained by !H 
NMR and UV spectroscopie measurements, reveal that the decomposition rates 
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obtained by either method are identical within error. NMR spectroscopy data 
gives a first order rate constant of 4.3 x 10-4 ± 6.4 x 10-6 sec-l, while UV 
spectroscopie data provide a rate constant of 4.1 x 10-4 ± 4.4 x 10-6 sec-I. Thus 
these spectroscopie techniques can be used with confidence in studying the 
decomposition of these anions. 
The decomposition ofboth DPAINO and PYRRO/NO in pyridine could not 
be assessed by UV spectroscopie measurements, due to the strong absorbance of 
pyridine in the area of interest in the UV spectra. Therefore, comparative data for 
the two solvents have been limited to IH NMR spectroscopie measurements. 
AdditionaIly, as a result of the lack of decomposition data available for these 
anions in non-aqueous solvents, the rate constants obtained in this work can not be 
compared to literature values. 
5.5 Determination of the Equilibrium Constant 
The kinetic data aIlowed for the equilibrium constant for the rate 
determining step to be established for the reaction of pyrrolidine and NO in 
pyridine (Scheme 3). Under the conditions used to prepare this anion, NO 
addition to pyrrolidine occurs in a stepwise manner according to Equations (8-10). 
The equilibrium constant for equation 8, which is the slow step, can be determined 
from the second order rate constants for the forward reaction which is 3.8 x 10-4 
M-Is-I, as weIl as the first order rate constant for the reverse reaction which has a 
value of 3.5 x 10-4 S-I. 
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Scheme 3. Formation of pyrrolidinediazeniumdiolate pyrrolidinium salt. 
Using this information, the equilibrium constant at 298 K for the rate 
(8) 
(9) 
(10) 
determining step in the reaction of pyrrolidine with nitric oxide in pyridine is 1.1 
M- l (Equation Il): 
5.6 Conclusions 
3.8x10- 4M-1s-1 =l.lM-l 
3.5xI0- 4 s-l 
(11) 
From the information gamered in this work, it is clear that the decomposition 
of amine derived diazeniumdiolates in aqueous media is significantly different than 
in organic solutions. In basic aqueous solution, the rate of decomposition is slow, 
with no significant decomposition of the anion occurring within a 2 hour period. 
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Upon lowering ofthe pH of the aqueous solution, the decomposition of the 
diazeniumdiolate occurs much more rapidly (i.e. 5.6 x 10-4 in pH 7 adjusted 
sodium hydroxide solution). 
The influence of solvent on decomposition rate, by dissolving the 
diazeniumdiolate salt in various non-aqueous solvents reveals that the structure of 
the solvent is important in determining stability. Solvents in which proton 
transfer from the dialkylammonium cation can be facilitated (i.e. the amino 
nitrogen in pyridine) led to an enhancement in the rate of diazeniumdiolate 
decomposition. This rapid decomposition can be inhibited through the 
introduction of base into the reaction medium. Non-aqueous solvents, such as 
benzene in which proton transfer is not mediated, show a distinct decrease in 
decomposition rate of the anion, with a rate constant at 298 K of 4.2 x 10-4 sec-1 for 
this process obtained using I H NMR and UV-Vis spectroscopic methods. In 
addition to the nature of the solvent, the basicity of the diazeniumdiolate had an 
effect on the rate of decomposition. This was exemplified by the first order rate 
constant 00.5 x 10-4 sec- I for the decomposition ofPYRRO/NO in pyridine which 
was slower than that obtained under the same conditions for DP AlNO. 
The importance of examining the decomposition of these anions under strict 
anaerobic conditions was re-emphasized from the UV-Vis kinetic studies of 
dipropyldiazeniumdiolate dipropylammonium salt in the presence of oxygen. 
The first order decomposition rates for aerobic and anaerobic conditions depend 
significantly on the presence of oxygen, with values of9.5 x 10-4 sec- I and 4.2 x 
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10-4 sec- l obtained respectively. In addition to the differences in the rate of 
decomposition, the presence of oxygen results in the formation of different 
decomposition products. Under aerobic conditions, decomposition of the anion 
forms carcinogenic nitrosamine. 
The equilibrium constant for the rate determining step in the reaction of 
nitric oxide with pyrrolidine in pyridine at 298 Kwas experimentally determined to 
be 1.1 M-1• 
From the results presented, it is apparent that insight into how these anions 
de compose in a wide variety of conditions is of importance. As the se compounds 
are of biome di cal relevance as prodrugs, experimental results indicate that their 
decomposition will be greatly influenced by the nature of the environment it finds 
itself in. Enzyme active sites rich in amino acids containing aromatic residues, 
(i.e. phenylalanine and tyrosine), capable of facilitating the decomposition of 
diazeniumdiolates anions are present in vivo. Therefore an miderstanding ofhow 
NO release will be affected in non-aqueous environments is essential. 
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6. Conclusions, Contributions to Original Knowledge and Suggestions 
for Future Research 
6.1 Conclusions and Contributions to Original Knowledge 
The feasibility of using vibrational spectroscopy to analyse for the presence of 
cis (Z) and trans (E) isomers was demonstrated. Both Raman and infrared 
spectroscopic techniques provided evidence of the elusive E isomer. The results 
obtained from these experiments indicates that if the E isomer is present it represents 
<0.002% of the total composition. This detection limit is lower than that achieved 
using 1 H NMR spectroscopy and represents the first instance in which the trans 
isomer could be quantified. Uncertainty in the band assignments for the trans isomer 
remains a challenge due to the lack of a direct method of preparing diazeniumdiolate 
anions exhibiting the trans stereochemistry. 
Evidence for the involvement of a radical anion intermediate in the formation 
of diazeniumdiolate anions could not be conclusively determined from the direct 
condensation of nitric oxide with nitrosamine radical anions. The preparation of 
nitrogen-bound as well as carbon-bound diazeniumdiolate anions, using N-nitroso 
and C-nitroso radical anions proved ineffective. Attempts using this approach led to 
the formation of many products, none of which were the desired diazeniumdiolate 
anion. These radical anion experiments highlight the unpredictability of these free 
radical reactions. 
Insight into the mechanism for the formation of these biologically relevant 
compounds was acquired through a series of kinetic experiments. The reaction of 
secondary amines with nitric oxide in various solvents revealed that the rate law for 
this reaction involves multiple terms. The rate law for these reactions was 
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experimentally determined to be d[P]/dt = kl[amine][NO] + k2[amine][NOf At low 
nitric oxide concentrations, the contribution of the second order rate constant is minor 
and only a first order dependence on nitric oxide concentration is observed. Under 
these conditions, the mechanism involves the stepwise addition of nitric oxide to 
amine. As the concentration of nitric oxide is increased, the second order rate 
constant becomes significant and the reaction exhibits a second order dependency on 
[NO]. Therefore at higher nitric oxide concentrations the nitric oxide dimer is 
present, and available to react with the secondary amine. 
FinaIly, a decomposition study of the diazeniumdiolate anion in various 
aqueous and non-aqueous solvents was investigated. The effect of solution pH as 
weIl as the influence of cation type in stabilizing the diazeniumdiolate anion was 
clearly ascertained, with more basic solutions as weIl as the presence ofNa+ 
stabilizing the anion, to a greater extent than neutral solutions and the 
tetramethylammonium cation ((CH3)4N+). The ability ofnon-aqueous solvents to 
promote decomposition of the diazeniumdiolate anion was observed by IH NMR and 
UV-Vis kinetic studies. Dissolution of the anion in benzene and pyridine 
dramatically increased the rate of decomposition, compared to aqueous alkaline 
solutions. In addition, the ease at which the diazeniumdiolate anion decomposes is 
found to be dependent on the ability ofthe solvent to facilitate proton transfer. 
6.2 Suggestions for Future Research 
In this work, the dependence on amine basicity on reaction rate was observed. 
The secondary amine, dipropylamine, was found to react with nitric oxide at a much 
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/~ .. slower rate than that of the cyclic secondary amine, pyrrolidine, under the same 
conditions. From this observation, it is clear that the rate of diazeniumdiolation 
depends on significantly on the nature of the amine. As this work has focussed on the 
aliphatic secondary amines, diethylamine and dipropylamine, along with the cyclic 
secondary amine, pyrrolidine, research into how various amines influence reaction 
rate would be of interest. Continued research into how amine structure affects the 
rate of the reaction in the novel solvents utilized in this thesis, would allow for a more 
complete understanding of the mechanism. 
In addition, as shown in this thesis, the amount of material recovered at 
equilibrium is highly dependent upon the nature of the solvent utilized. The use of 
other "non-traditional" solvents in these reactions would further demonstrate the 
importance of solvent choice, and allow for a more comprehensive understanding of 
how these anions are formed and/or stabilized in solution. 
Finally, it was noted that the order with respect to nitric oxide concentration 
was variable and dependent upon nitric oxide concentration. Unfortunately with the 
nitric oxide delivery system utilized in this work, it was not possible to probe higher 
NO concentrations for all ofthe solvents investigated. A more detailed study at 
higher nitric oxide concentrations for several of the solvents used, (i.e. pyridine and 
I-methylimidazole), would provide more evidence as to the change in reaction order 
with increasing NO concentration. 
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